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Environmental and Sea-Level Reconstruction in Temperate, Subtropical,
and Tropical Coastal Wetlands Using Bulk Stable Carbon Isotope
Geochemistry and Microfossils
Abstract
Obtaining a record of present and past storms, floods and sea levels, and their extent of geological and
ecological impacts, is one means to assess future risk, reveal the spatial and temporal variability of coastal
inundation and decipher its relationship with global climatic changes.
In the deltaic wetlands of Louisiana, I tracked sedimentation from the historic A.D. 2011 Mississippi River
flood. The sediment deposited in wetlands during the 2011 flood was distinguished from earlier deposits
based on biological characteristics, primarily absence of plant roots and increased presence of centric
(planktonic) diatoms indicative of riverine origin. By comparison, the lithological (bulk density, organic
matter content, and grain size) and chemical (stable carbon isotopes of bulk organic matter) properties of
flood sediments were nearly identical to the underlying deposit. Flood sediment deposition was greatest in
wetlands near the Atchafalaya and Mississippi Rivers and accounted for a substantial portion (37% to 85%) of
the annual accretion measured at nearby monitoring stations. The amount of sediment delivered to those
basins (1.1-1.6 g/cm) was comparable to that reported previously for hurricane sedimentation along the
Louisiana coast (0.8-2.1 g/cm). My findings not only provide insight into how large-scale river floods
influence wetland sedimentation, they lay the groundwork for identifying previous flood events in the
stratigraphic record.
In Puerto Rico, I applied bulk stable carbon isotope geochemistry of mangrove sediments in the
reconstruction Holocene relative sea levels. The modern distribution of δ13C, TOC and C/N values and
foraminifera was described from 56 surface samples collected from three sites containing basin and riverine
mangrove stands. Vertically-zoned tidal flat (δ13C: -18.6 Â± 2.8 /; TOC: 10.2 Â± 5.7 %; C/N: 12.7 Â± 3.1),
mangrove (δ13C: -26.4 Â± 1.0 /; TOC: 33.9 Â± 13.4 %; C/N: 24.3 Â± 6.2), brackish transition (δ13C: -28.8
Â± 0.7 /; TOC: 40.8 Â± 11.7 %; C/N: 21.7 Â± 3.7), and freshwater swamp (δ13C: -28.4 Â± 0.4 /; TOC: 42.8
Â± 4.8 %; C/N: 17.0 Â± 1.1) environments were identified from the modern transects with distinct δ13C,
TOC and C/N values. Foraminiferal groups could not be used to interpret the fossil record, although the ratio
of foraminifera to thecamoebians (F/T) was used along with δ13C, TOC and C/N values to refine the
distinction between brackish and freshwater environments. Using linear discriminant analysis (LDFs), I
applied the δ13C TOC, C/N and F/T distributions to reconstruct paleomangrove elevation with confidence
in the continuous section of mangrove peat, with a vertical uncertainty of Â± 0.12 m. I demonstrate that
δ13C, TOC, and C/N values can be used along with simple microfossil metrics to reconstruct RSL in tropical
environments, where records of this kind are limited.
I further explored the use of bulk stable carbon isotope geochemistry for reconstructing Holocene relative sea
levels in the Thames Estuary, UK. The modern distribution of bulk stable carbon isotope geochemistry was
described from vegetation and surface sediment samples collected from four coastal wetlands of the Thames
Estuary and Norfolk, UK. Statistically distinct bulk sediment δ13C, TOC and C/N values were observed
among these elevation-dependent environments due to the relative incorporation of in situ vascular
vegetation versus allochthonous particulate organic matter and algae, which varied with the degree of tidal
inundation and salinity. I compiled a regional database of 349 bulk sediment δ13C, TOC and C/N analyses
from published and unpublished data in the UK and the U.S. Atlantic and Pacific coasts and suggest variations
This dissertation is available at ScholarlyCommons: http://repository.upenn.edu/edissertations/1329
among regions may be related to the dominance of C4 vegetation, climate, and local environmental
conditions. The range of δ13C, TOC and C/N values from tidal flat/low marsh (δ13C: -24.9 Â± 1.2 /; TOC:
3.6 Â± 1.7 %; C/N: 9.9 Â± 0.8), middle marsh/high marsh (δ13C: -26.2 Â± 1.0 /; TOC: 9.8 Â± 6.7 %; C/N:
12.1 Â± 1.8), brackish transition (δ13C: -27.2 Â± 1.2 /; TOC: 26.1 Â± 11.5 %; C/N: 14.1 Â± 1.9) reed
swamp (δ13C: -28.1 Â± 0.3 /; TOC: 39.1 Â± 10.3 %; C/N: 13.8 Â± 1.1) and fen carr (δ13C: -28.8 Â± 0.7 /;
TOC: 29.1 Â± 17.1 %; C/N: 15.8 Â± 3.3) were used along with microfossils (foraminifera, pollen, diatoms)
to interpret a Holocene sediment core collected from the Thames Estuary.
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ABSTRACT 
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Obtaining	  a	  record	  of	  present	  and	  past	  storms,	  floods	  and	  sea	  levels,	  and	  their	  extent	  of	  
geological	  and	  ecological	  impacts,	  is	  one	  means	  to	  assess	  future	  risk,	  reveal	  the	  spatial	  
and	  temporal	  variability	  of	  coastal	  inundation	  and	  decipher	  its	  relationship	  with	  global	  
climatic	  changes.	  
In	  the	  deltaic	  wetlands	  of	  Louisiana,	  I	  tracked	  sedimentation	  from	  the	  historic	  A.D.	  2011	  
Mississippi	  River	  flood.	  The	  sediment	  deposited	  in	  wetlands	  during	  the	  2011	  flood	  was	  
distinguished	  from	  earlier	  deposits	  based	  on	  biological	  characteristics,	  primarily	  absence	  
of	  plant	  roots	  and	  increased	  presence	  of	  centric	  (planktonic)	  diatoms	  indicative	  of	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riverine	  origin.	  By	  comparison,	  the	  lithological	  (bulk	  density,	  organic	  matter	  content,	  
and	  grain	  size)	  and	  chemical	  (stable	  carbon	  isotopes	  of	  bulk	  organic	  matter)	  properties	  
of	  flood	  sediments	  were	  nearly	  identical	  to	  the	  underlying	  deposit.	  Flood	  sediment	  
deposition	  was	  greatest	  in	  wetlands	  near	  the	  Atchafalaya	  and	  Mississippi	  Rivers	  and	  
accounted	  for	  a	  substantial	  portion	  (37%	  to	  85%)	  of	  the	  annual	  accretion	  measured	  at	  
nearby	  monitoring	  stations.	  The	  amount	  of	  sediment	  delivered	  to	  those	  basins	  (1.1–1.6	  
g	  cm−2)	  was	  comparable	  to	  that	  reported	  previously	  for	  hurricane	  sedimentation	  along	  
the	  Louisiana	  coast	  (0.8–2.1	  g	  cm−2).	  My	  findings	  not	  only	  provide	  insight	  into	  how	  large-­‐
scale	  river	  floods	  influence	  wetland	  sedimentation,	  they	  lay	  the	  groundwork	  for	  
identifying	  previous	  flood	  events	  in	  the	  stratigraphic	  record.	  
In	  Puerto	  Rico,	  I	  applied	  bulk	  stable	  carbon	  isotope	  geochemistry	  of	  mangrove	  
sediments	  in	  the	  reconstruction	  Holocene	  relative	  sea	  levels.	  The	  modern	  distribution	  of	  
δ13C,	  TOC	  and	  C/N	  values	  and	  foraminifera	  was	  described	  from	  56	  surface	  samples	  
collected	  from	  three	  sites	  containing	  basin	  and	  riverine	  mangrove	  stands.	  Vertically-­‐
zoned	  tidal	  flat	  (δ13C:	  -­‐18.6	  ±	  2.8	  ‰;	  TOC:	  10.2	  ±	  5.7	  %;	  C/N:	  12.7	  ±	  3.1),	  mangrove	  (δ13C:	  
-­‐26.4	  ±	  1.0	  ‰;	  TOC:	  33.9	  ±	  13.4	  %;	  C/N:	  24.3	  ±	  6.2),	  brackish	  transition	  (δ13C:	  -­‐28.8	  ±	  0.7	  
‰;	  TOC:	  40.8	  ±	  11.7	  %;	  C/N:	  21.7	  ±	  3.7),	  and	  freshwater	  swamp	  (δ13C:	  -­‐28.4	  ±	  0.4	  ‰;	  
TOC:	  42.8	  ±	  4.8	  %;	  C/N:	  17.0	  ±	  1.1)	  environments	  were	  identified	  from	  the	  modern	  
transects	  with	  distinct	  δ13C,	  TOC	  and	  C/N	  values.	  Foraminiferal	  groups	  could	  not	  be	  used	  
to	  interpret	  the	  fossil	  record,	  although	  the	  ratio	  of	  foraminifera	  to	  thecamoebians	  (F/T)	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was	  used	  along	  with	  δ13C,	  TOC	  and	  C/N	  values	  to	  refine	  the	  distinction	  between	  brackish	  
and	  freshwater	  environments.	  Using	  linear	  discriminant	  analysis	  (LDFs),	  I	  applied	  the	  
δ13C	  TOC,	  C/N	  and	  F/T	  distributions	  to	  reconstruct	  paleomangrove	  elevation	  with	  
confidence	  in	  the	  continuous	  section	  of	  mangrove	  peat,	  with	  a	  vertical	  uncertainty	  of	  ±	  
0.12	  m.	  I	  demonstrate	  that	  δ13C,	  TOC,	  and	  C/N	  values	  can	  be	  used	  along	  with	  simple	  
microfossil	  metrics	  to	  reconstruct	  RSL	  in	  tropical	  environments,	  where	  records	  of	  this	  
kind	  are	  limited.	  
I	  further	  explored	  the	  use	  of	  bulk	  stable	  carbon	  isotope	  geochemistry	  for	  reconstructing	  
Holocene	  relative	  sea	  levels	  in	  the	  Thames	  Estuary,	  UK.	  The	  modern	  distribution	  of	  bulk	  
stable	   carbon	   isotope	   geochemistry	   was	   described	   from	   vegetation	   and	   surface	  
sediment	   samples	   collected	   from	   four	   coastal	   wetlands	   of	   the	   Thames	   Estuary	   and	  
Norfolk,	  UK.	  Statistically	  distinct	  bulk	  sediment	  δ13C,	  TOC	  and	  C/N	  values	  were	  observed	  
among	  these	  elevation-­‐dependent	  environments	  due	  to	  the	  relative	  incorporation	  of	  in	  
situ	   vascular	   vegetation	   versus	   allochthonous	   particulate	   organic	   matter	   and	   algae,	  
which	   varied	   with	   the	   degree	   of	   tidal	   inundation	   and	   salinity.	   I	   compiled	   a	   regional	  
database	   of	   349	   bulk	   sediment	   δ13C,	   TOC	   and	   C/N	   analyses	   from	   published	   and	  
unpublished	   data	   in	   the	   UK	   and	   the	   U.S.	   Atlantic	   and	   Pacific	   coasts	   and	   suggest	  
variations	   among	   regions	  may	  be	   related	   to	   the	  dominance	  of	   C4	   vegetation,	   climate,	  
and	   local	  environmental	   conditions.	  The	   range	  of	  δ13C,	  TOC	  and	  C/N	  values	   from	  tidal	  
flat/low	  marsh	  (δ13C:	  -­‐24.9	  ±	  1.2	  ‰;	  TOC:	  3.6	  ±	  1.7	  %;	  C/N:	  9.9	  ±	  0.8),	  middle	  marsh/high	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marsh	  (δ13C:	  -­‐26.2	  ±	  1.0	  ‰;	  TOC:	  9.8	  ±	  6.7	  %;	  C/N:	  12.1	  ±	  1.8),	  brackish	  transition	  (δ13C:	  -­‐
27.2	  ±	  1.2	  ‰;	  TOC:	  26.1	  ±	  11.5	  %;	  C/N:	  14.1	  ±	  1.9)	   reed	  swamp	  (δ13C:	   -­‐28.1	  ±	  0.3	  ‰;	  
TOC:	  39.1	  ±	  10.3	  %;	  C/N:	  13.8	  ±	  1.1)	  and	  fen	  carr	  (δ13C:	  -­‐28.8	  ±	  0.7	  ‰;	  TOC:	  29.1	  ±	  17.1	  
%;	  C/N:	  15.8	  ±	  3.3)	  were	  used	  along	  with	  microfossils	  (foraminifera,	  pollen,	  diatoms)	  to	  
interpret	  a	  Holocene	  sediment	  core	  collected	  from	  the	  Thames	  Estuary.	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1	  
CHAPTER 1. INTRODUCTION 
1.1  CONTEXT 
Coastal	  responses	  to	  changes	  in	  relative	  sea	  level	  and	  extreme	  events	  such	  as	  floods,	  
storms	  and	  tsunamis	  are	  of	  increasing	  local	  and	  global	  interest	  (Fitzgerald	  et	  al.,	  2008;	  
Cutter	  et	  al.,	  2009;	  Switzer	  et	  al.,	  2008;	  Anderson	  et	  al.,	  2013).	  Significant	  socioeconomic	  
relevance	  has	  been	  placed	  on	  the	  understanding	  of	  human-­‐land-­‐ocean	  interaction	  and	  
coastal	  dynamics	  given	  heightened	  public	  awareness	  of	  predicted	  future	  sea-­‐level	  rise	  
and	  devastation	  from	  recent	  extreme	  events.	  Indeed,	  since	  I	  began	  my	  undergraduate	  
studies	  in	  2005,	  extreme	  events	  such	  as	  Hurricane	  Katrina	  in	  the	  Gulf	  Coast,	  Cyclone	  
Nargis	  in	  Myanmar,	  the	  Tohoku	  tsunami	  in	  Japan,	  Hurricane	  Sandy	  on	  the	  U.S.	  Atlantic	  
coast,	  and	  most	  recently	  Typhoon	  Haiyan	  in	  the	  Philippines	  have	  demonstrated	  the	  
ubiquitous	  vulnerability	  of	  the	  world’s	  coastal	  communities.	  The	  encroaching	  threat	  of	  
sea-­‐level	  rise	  to	  low-­‐lying	  coastal	  cities	  (e.g.,	  New	  Orleans),	  countries	  (e.g.,	  Bangladesh),	  
and	  island	  communities	  (e.g.,	  Maldives)	  places	  a	  growing	  population	  at	  risk	  to	  coastal	  
flooding	  (McGranahan	  et	  al.	  2007;	  Fitzgerald	  et	  al.,	  2008)	  and	  underscores	  the	  
importance	  of	  understanding	  the	  past	  to	  better	  predict	  the	  future.	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Accurate	  prediction	  of	  future	  coastal	  changes	  requires	  an	  understanding	  of	  the	  
processes	  that	  drive	  coastal	  evolution	  at	  appropriate	  spatial	  and	  temporal	  scales	  
(Ashton	  et	  al.,	  2007;	  Williams	  and	  Gutierrez,	  2009;	  Gelfenbaum	  and	  Kaminsky,	  2010;	  Fig	  
1.1).	  On	  decadal	  to	  millennial	  timescales,	  changes	  in	  relative	  sea	  level,	  geological	  
processes	  and	  flood,	  storm	  and	  tsunami	  events,	  have	  shaped	  Earth's	  coastlines	  
(Woodroffe,	  2002).	  In	  recent	  centuries	  to	  decades,	  anthropogenic	  climate	  change	  and	  
activities,	  such	  as	  coastal	  development	  and	  agriculture,	  have	  altered	  natural	  coastal	  
processes	  and	  landforms	  through	  the	  modification	  of	  sediment	  budgets	  and	  poor	  
coastal	  management	  practices	  (Anderson	  et	  al.,	  2013).	  Understanding	  how	  these	  
processes	  interact	  to	  shape	  coastlines	  is	  fundamental	  to	  future	  projections	  of	  coastal	  
change	  (Switzer	  et	  al.,	  2012).	    
Relative	  sea	  level	  (RSL),	  defined	  as	  the	  height	  of	  the	  ocean	  surface	  relative	  to	  the	  solid	  
Earth	  or	  ocean	  floor	  (Milne	  and	  Shennan,	  2007),	  can	  vary	  on	  a	  wide	  range	  of	  scales	  both	  
temporally	  and	  spatially.	  Any	  change	  in	  RSL	  over	  time	  and	  space	  can	  be	  related	  to:	  (1)	  
global	  average	  sea	  level,	  which	  includes	  variations	  in	  ice	  volume	  and	  steric	  effects	  
associated	  with	  ocean	  temperature;	  (2)	  regional	  and	  local	  subsidence	  or	  uplift	  due	  to	  
thermal-­‐flexural	  subsidence,	  sediment	  loading,	  and	  glacial	  isostatic	  adjustment	  (GIA)	  
effects;	  (3)	  static	  equilibrium	  effects	  (after	  Kopp	  et	  al.,	  2010)	  including	  any	  gravitational,	  
rotational,	  and	  flexural	  effects	  from	  mass	  changes	  of	  ice	  sheets;	  and	  (4)	  oceanographic	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effects	  from	  dynamic	  topography	  and	  tidal-­‐range	  change	  (Mitrovica	  and	  Milne,	  2003;	  
Milne	  et	  al.,	  2009;	  Miller	  et	  al.,	  2013).	  
The	  stratigraphic	  record	  provides	  abundant	  evidence	  of	  the	  ability	  of	  coastal	  ecosystems	  
to	  cope	  with	  past	  changes	  in	  sea	  level.	  Comparing	  the	  paleoecological	  response	  of	  
coastal	  habitats	  under	  a	  variety	  of	  physiographic	  settings	  to	  independent	  estimates	  of	  
the	  magnitude	  of	  relative	  sea-­‐level	  rise	  with	  which	  these	  systems	  have	  endured	  in	  the	  
past	  offers	  clearer	  recognition	  of	  key	  thresholds	  for	  particular	  ecosystems	  or	  coastal	  
habitats	  (e.g.,	  Argow,	  2006;	  French,	  2006;	  Fitzgerald	  et	  al.,	  2006;	  Kirwan	  and	  Murray,	  
2007;	  Wooller	  et	  al.,	  2007;	  McKee,	  2011).	  Studies	  of	  this	  type	  are	  at	  the	  forefront	  of	  
research	  priorities	  in	  the	  preparation	  for	  coastal	  change	  (Woodroffe	  and	  Murray-­‐
Wallace,	  2012),	  although	  they	  require	  reliable,	  accurate	  proxies	  of	  paleoenvironmental	  
and	  relative	  sea-­‐level	  change. 	  
Any	  measurable	  characteristic	  of	  fossil	  material	  that	  reflects	  environmental	  parameters	  
at	  the	  time	  deposition	  has	  the	  potential	  to	  be	  used	  as	  a	  paleoenvironment	  indicator	  
(van	  de	  Plassche,	  1986;	  Parrish,	  2001).	  Typically,	  the	  relationship	  between	  the	  indicator	  
and	  the	  environmental	  parameter	  of	  interest	  (e.g.,	  tide	  level	  or	  salinity)	  are	  measured	  in	  
the	  contemporary	  environment.	  These	  traits	  are	  then	  measured	  on	  fossil	  counterparts,	  
and	  the	  contemporary	  relationship	  is	  used	  to	  estimate	  the	  values	  of	  the	  target	  
parameter	  for	  the	  time	  and	  place	  of	  deposition	  (Jordan,	  2011).	  Because	  past	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environments	  cannot	  be	  observed	  directly,	  underlying	  the	  use	  of	  paleoenvironmental	  
indicators	  are	  the	  assumptions	  of	  uniformitarianism	  (i.e.,	  the	  response	  of	  the	  indicator	  
under	  observed,	  modern	  environmental	  conditions	  is	  the	  same	  as	  in	  the	  past;	  Gould,	  
1965)	  and	  that	  negligible	  taphonomic/post-­‐depositional	  alteration	  has	  occurred	  to	  the	  
indicator	  before	  the	  time	  of	  collection	  (Jordan,	  2011).	  An	  additional	  methodological	  
consideration	  is	  that	  collection	  and	  sample	  preparation	  has	  also	  not	  changed	  the	  
composition	  of	  the	  indicator.	  Any	  changes	  to	  the	  indicator	  since	  the	  time	  of	  deposition	  
due	  to	  violations	  of	  the	  assumptions	  listed	  above	  can	  result	  in	  bias	  of	  
paleoenvironmental	  interpretation	  (e.g.,	  Kidson,	  1986). 
Microfossils	  such	  as	  diatoms	  and	  foraminifera	  are	  used	  in	  coastal	  paleoenvironmental	  
reconstructions	  because	  they	  are	  found	  in	  large	  numbers,	  enabling	  a	  small	  sample	  
volume	  to	  contain	  statistically	  significant	  populations	  for	  study	  (Birks,	  1995).	  Their	  
diverse	  ecological	  niches	  span	  the	  entirety	  of	  the	  coastal	  zone	  from	  marine	  to	  
freshwater	  environments.	  Many	  species	  of	  diatoms	  and	  foraminifera	  have	  narrow	  
ranges	  of	  tolerance	  to	  environmental	  variables	  (known	  as	  indicator	  species)	  such	  as	  
inundation	  frequency,	  water	  depth,	  salinity	  and	  nutrient	  level,	  making	  them	  particularly	  
useful	  in	  coastal	  paleoenvironmental	  applications	  (e.g.,	  Hallock,	  1984;	  Horton	  and	  
Edwards,	  2006;	  Hawkes	  et	  al.,	  2010).	  Diatoms	  are	  unicellular,	  photosynthetic	  algae	  
encased	  in	  a	  siliceous	  cell	  wall	  termed	  the	  frustule.	  With	  over	  200,000	  species	  
worldwide	  (Jones,	  2007),	  diatoms	  are	  found	  in	  nearly	  every	  wet	  or	  aquatic	  freshwater	  or	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marine	  environment	  (Round	  et	  al.,	  1990).	  Diatoms	  have	  long	  been	  recognized	  as	  a	  
valuable	  tool	  to	  reconstruct	  paleoenvironmental	  change	  (e.g.,	  Cleve-­‐Euler,	  1922)	  due	  to	  
their	  sensitivity	  to	  environmental	  variables	  such	  as	  tidal	  exposure,	  nutrient	  levels,	  
substrate,	  and	  salinity	  (Hustedt,	  1953;	  Juggins,	  1992;	  Vos	  and	  de	  Wolf,	  1993;	  Zong	  and	  
Horton,	  1999)	  and	  the	  high	  preservation	  potential	  of	  their	  siliceous	  frustules	  in	  the	  
sedimentary	  record	  (Jones,	  2007).	  Foraminifera	  are	  single-­‐celled	  protozoans	  enclosed	  
within	  a	  test	  composed	  of	  agglutinated	  particles	  or	  secreted	  organic	  matter	  (tectin)	  or	  
minerals	  (calcite,	  aragonite,	  or	  silica).	  Foraminifera	  live	  on	  sediment	  surfaces	  (benthic),	  
rocks,	  shells	  and	  corals	  (attached	  benthic	  forms),	  or	  in	  the	  water	  column	  (planktonic).	  
Thecamoebians	  (testate	  amoeba)	  are	  often	  identified	  with	  salt-­‐marsh	  foraminifera	  to	  
provide	  information	  on	  freshwater	  sources	  within	  the	  coastal	  zone	  (e.g.,	  Charman,	  
2001;	  Hawkes	  et	  al.,	  2010).	  Ecological	  studies	  have	  been	  conducted	  that	  provide	  a	  
contemporary	  database	  with	  which	  to	  compare	  and	  interpret	  fossil	  foraminifera	  
(Murray,	  1973,	  1991;	  Boltovskoy	  and	  Wright,	  1976).	  	  Assemblages	  of	  salt-­‐marsh	  
foraminifera	  are	  vertically-­‐zoned	  with	  respect	  to	  tide	  levels.	  While	  the	  exact	  species	  
composition	  of	  vertical	  zones	  may	  vary	  among	  sites,	  intertidal	  assemblages	  can	  broadly	  
be	  divided	  into	  two	  groups:	  an	  agglutinated	  assemblage	  that	  is	  restricted	  to	  the	  
vegetated	  marsh	  and	  a	  calcareous	  assemblage	  that	  dominates	  the	  tidal	  flat	  zone.	  This	  
vertical	  zonation	  of	  marsh	  foraminifera	  has	  been	  documented	  worldwide	  (e.g.,	  Scott	  
and	  Medioli,	  1978;	  Horton	  and	  Edwards,	  2006).	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Microfossils	  have	  the	  potential	  to	  provide	  accurate	  and	  precise	  records	  of	  past	  
environmental	  and	  relative	  sea-­‐level	  change,	  although	  there	  are	  certain	  limitations	  
associated	  with	  their	  use.	  Poor	  or	  selective	  preservation	  is	  a	  notable	  feature	  of	  
microfossil	  assemblages	  in	  temperate	  (Goldstein	  and	  Watkins,	  1999;	  Wilson	  et	  al.,	  
2005a;	  Hemphill-­‐Haley,	  1995)	  and	  often	  in	  tropical	  locations	  (Berkeley	  et	  al.,	  2007;	  
2009;	  Sawai	  et	  al.,	  2004).	  Furthermore,	  foraminifera	  exhibit	  seasonal	  variations	  (Murray,	  
2000;	  Horton	  and	  Edwards,	  2003),	  infaunal	  occupation	  (Goldstein	  and	  Harben,	  1993;	  
Saffert	  and	  Thomas,	  1998;	  Berkeley	  et	  al.,	  2007),	  and	  micro-­‐scale	  irregularities	  or	  
patchiness	  (Hippensteel	  et	  al.,	  2000;	  Kemp	  et	  al.,	  2011a)	  that	  may	  complicate	  their	  use.	  
Stable	  carbon	  isotopes	  (the	  ratio	  of	  13C/12C	  with	  reference	  to	  a	  standard;	  δ13C)	  and	  C/N	  
ratios	  (the	  weight	  ratio	  of	  organic	  carbon	  to	  total	  nitrogen)	  of	  bulk	  sedimentary	  organic	  
matter	  provide	  an	  alternative	  or	  complementary	  means	  to	  reconstruct	  
paleoenvironment	  and	  relative	  sea	  level.	  δ13C	  and	  C/N	  ratios	  have	  previously	  been	  
recognized	  for	  their	  value	  in	  coastal	  paleoenvironmental	  interpretations	  (e.g.,	  Emery,	  
1976;	  Byrne	  et	  al.,	  2001;	  Lamb	  et	  al.,	  2006;	  Zong	  et	  al.,	  2010),	  although	  their	  utility	  as	  a	  
precise	  sea-­‐	  level	  indicator	  has	  only	  recently	  been	  investigated	  (e.g.,	  Wilson	  et	  al.,	  
2005a,b;	  Kemp	  et	  al.,	  2010;	  2012b;	  Engelhart	  et	  al.,	  2013a).	  Stable	  carbon	  isotopes,	  in	  
combination	  with	  C/N	  ratios,	  are	  able	  to	  distinguish	  the	  botanical	  origins	  of	  organic	  
remains	  incorporated	  into	  sediments	  (Haines,	  1976;	  Chmura	  and	  Aharon,	  1995;	  Goni	  
and	  Thomas,	  2000)	  on	  the	  basis	  of	  variations	  in	  the	  signatures	  of	  C3	  and	  C4	  vascular	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vegetation	  (e.g.,	  Emery,	  1967,	  Malamud-­‐Roam	  and	  Ingram,	  2001)	  and	  freshwater	  and	  
marine	  sources	  (e.g.,	  Fry	  et	  al.,	  1977;	  Fogel	  and	  Cifuentes,	  1993).	  The	  distribution	  of	  
these	  organic	  matter	  sources	  is	  related	  to	  salinity	  and	  tidal	  inundation	  characteristics,	  
thus	  stable	  carbon	  isotopes	  and	  C/N	  ratios	  can	  be	  used	  as	  proxies	  of	  
paleoenvironmental	  and	  relative	  sea-­‐level	  change	  to	  overcome	  limitations	  (e.g.,	  Wilson	  
et	  al.,	  2005;	  Engelhart	  et	  al.,	  2013a)	  or	  enhance	  interpretations	  (e.g.,	  Kemp	  et	  al.,	  2013a)	  
based	  on	  microfossil	  indicators.	  
1.2  THESIS AIMS 
The	  overarching	  aim	  of	  this	  thesis	  is	  to	  assess	  the	  applicability	  of	  the	  bulk	  δ13C	  and	  C/N	  
geochemistry	  of	  sedimentary	  organic	  matter	  and	  microfossils	  in	  the	  interpretation	  of	  
paleoenvironmental	  and	  relative	  sea-­‐level	  change	  over	  a	  range	  of	  physiographic	  
conditions	  and	  temporal	  scales.	  	  
The	  research	  questions	  (and	  associated	  objectives)	  defined	  to	  address	  this	  overarching	  
aim	  are	  as	  follows:	  	  
1)	  What	  is	  the	  utility	  of	  diatoms	  and	  stable	  carbon	  isotopes	  in	  identifying	  flood	  
sedimentation,	  determining	  sediment	  provenance	  and	  inferring	  spatial	  deposition	  
patterns	  following	  a	  modern,	  large-­‐scale	  flood	  on	  the	  Mississippi	  River	  Delta	  and	  
associated	  wetlands?	  
Coastal	  wetlands	  on	  the	  Mississippi	  River	  Delta	  are	  disappearing	  at	  an	  alarming	  rate,	  at	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least	  in	  part	  due	  to	  the	  prevention	  of	  flooding	  that	  would	  naturally	  nourish	  these	  
wetlands	  with	  river	  sediment.	  The	  record-­‐breaking	  flood	  of	  spring	  2011	  prompted	  
managers	  to	  intentionally	  flood	  the	  Atchafalaya	  River	  basin	  (a	  distributary	  of	  the	  
Mississippi	  River),	  which	  may	  have	  inadvertently	  acted	  to	  combat	  some	  of	  this	  wetland	  
loss	  because	  it	  inundated	  large	  portions	  of	  the	  Atchafalaya	  Basin	  wetlands.	  The	  events	  
of	  the	  2011	  Mississippi	  River	  flood	  enabled	  the	  unique	  opportunity	  to	  assess	  spatial	  
deposition	  patterns	  in	  wetlands	  and	  characterize	  the	  physical,	  biological	  and	  chemical	  
composition	  of	  sediments	  laid	  down	  by	  a	  modern	  large-­‐scale	  flood.	  Thus	  the	  objectives	  
for	  this	  work	  are:	  
i. Characterize	  sediments	  deposited	  during	  the	  flood	  and	  infer	  provenance	  on	  the	  
basis	  of	  their	  diatom	  assemblages,	  carbon	  isotope	  signature,	  organic	  matter	  
content,	  and	  grain	  size	  distribution;	  
ii. Assess	  differences	  in	  characteristics	  between	  sediments	  deposited	  by	  flood	  
deposition	  in	  comparison	  to	  hurricanes.	  Consider	  the	  preservation	  potential	  of	  
each	  of	  these	  characteristics;	  
iii. Measure	  and	  quantify	  the	  distribution	  of	  sediments	  deposited	  during	  the	  2011	  
flood.	  Identify	  variations	  (if	  any)	  in	  the	  pattern	  of	  accumulation	  in	  the	  deltaic	  
basins.	  Evaluate	  the	  significance	  of	  flood	  deposition	  by	  comparison	  to	  long-­‐term	  
accretion	  measurements	  and	  hurricane	  sedimentation	  estimates.	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2)	  Does	  the	  δ13C,	  TOC	  and	  C/N	  bulk	  geochemistry	  of	  sedimentary	  organic	  matter	  
enable	  accurate	  and	  precise	  reconstruction	  of	  paleoenvironmental	  and	  relative	  sea-­‐
level	  change	  in	  the	  absence	  of	  microfossil	  indicators	  in	  mangrove	  environments?	  
A	  large	  body	  of	  work	  exists	  using	  δ13C,	  total	  organic	  carbon	  (TOC)	  and	  C/N	  in	  mangrove	  
environments	  to	  study	  ecosystem	  productivity	  and	  assess	  their	  potential	  as	  carbon	  sinks	  
(Sackett,	  1986;	  Hemminga	  et	  al.,	  1994;	  Middelburg	  et	  al.,	  1996;	  Fujimoto	  et	  al.,	  1999;	  
Bouillon	  et	  al.,	  2000;	  Lovelock,	  2008,	  Donato	  et	  al,	  2011)	  and	  to	  characterize	  sources	  of	  
organic	  matter	  in	  their	  sediments	  (Dittmar	  and	  Lara,	  2001;	  Thimdee	  et	  al.,	  2003;	  
Kennedy	  et	  al.,	  2004;	  Marchand	  et	  al.,	  2005;	  Prasad	  and	  Ramanathan,	  2009;	  Xue	  et	  al.,	  
2009;	  Yu	  et	  al.,	  2010).	  In	  Belize,	  Wooller	  et	  al.	  (2007)	  and	  Monacci	  et	  al.	  (2009)	  have	  
used	  a	  multi-­‐proxy	  approach,	  employing	  carbon,	  nitrogen,	  and	  oxygen	  isotopes	  and	  
pollen	  assemblages	  to	  reconstruct	  changes	  in	  mangrove-­‐stand	  composition	  and	  
qualitatively	  infer	  changes	  in	  precipitation	  versus	  inundation.	  Upon	  review	  of	  the	  
literature,	  it	  is	  evident	  that	  the	  use	  of	  δ13C,	  TOC	  and	  C/N	  ratios	  as	  a	  precise	  sea-­‐level	  
indicator	  in	  mangrove	  environments	  has	  not	  yet	  been	  explored.	  Because	  mangrove	  
archives	  are	  notorious	  for	  issues	  with	  microfossil	  preservation	  (Berkeley	  et	  al.,	  2007),	  
the	  use	  of	  δ13C	  and	  C/N	  as	  sea-­‐level	  indicators	  in	  this	  setting	  may	  prove	  extremely	  
useful.	  The	  objectives	  of	  this	  work	  are	  therefore:	  
i. Identify	  suitable	  contemporary	  sites	  for	  investigation	  of	  foraminifera	  and	  δ13C,	  
TOC	  and	  C/N	  distribution	  from	  tidal	  flat,	  mangrove,	  and	  freshwater	  swamp	  
	  	   11	  
environments	  of	  Puerto	  Rico.	  The	  contemporary	  sites	  should	  exhibit	  a	  wide	  
range	  of	  environments	  to	  ensure	  that	  most	  fossil	  investigations	  have	  a	  modern	  
analogue;	  
ii. Systematically	  study	  the	  contemporary	  distribution	  of	  foraminiferal	  assemblages	  
and	  δ13C,	  TOC	  and	  C/N	  in	  tidal	  flat,	  mangrove,	  and	  freshwater	  swamp	  
environments	  to	  elucidate	  their	  elevational	  range	  with	  respect	  to	  a	  reference	  
tide	  level	  and	  to	  constrain	  the	  accuracy	  and	  precision	  of	  these	  two	  sea-­‐level	  
indicators;	  
iii. Identify	  field	  sites	  to	  conduct	  detailed	  stratigraphic	  investigation	  of	  the	  
mangrove	  peat	  sections	  of	  coastal	  zones	  in	  order	  to	  select	  an	  appropriate	  core	  to	  
perform	  bio-­‐,	  chemo-­‐	  and	  chronostratigraphic	  analyses;	  
iv. Identify	  microfossil	  assemblages	  and	  analyze	  δ13C,	  TOC	  and	  C/N	  composition	  of	  
the	  core.	  Apply	  the	  contemporary	  distribution	  of	  the	  indicators	  to	  fossil	  
sediments	  to	  estimate	  the	  paleoelevation	  at	  which	  they	  formed.	  Evaluate	  the	  
utility	  of	  δ13C,	  TOC	  and	  C/N	  as	  a	  sea-­‐level	  indicator	  in	  tropical	  mangrove	  settings	  
by	  comparison	  to	  the	  foraminiferal	  reconstruction.	  	  
3)	  What	  is	  the	  applicability	  of	  δ13C,	  TOC	  and	  C/N	  in	  comparison	  to	  the	  established	  
microfossil	  indicators	  used	  for	  Holocene	  paleoenvironment	  and	  relative	  sea-­‐level	  
reconstruction	  in	  the	  Thames	  Estuary,	  UK?	  	  
In	  the	  UK,	  pioneering	  studies	  by	  Andrews	  et	  al.	  (2000),	  Wilson	  et	  al.,	  (2005a,b),	  Lamb	  et	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al.	  (2007),	  and	  Andrews	  (2008)	  have	  demonstrated	  distinct	  ranges	  in	  the	  distribution	  of	  
δ13C,	  TOC	  and	  C/N	  values	  of	  coastal	  wetland	  environments.	  Expansion	  upon	  these	  
studies	  is	  needed	  because	  the	  change	  in	  δ13C,	  TOC	  and	  C/N	  along	  the	  boundary	  between	  
inter-­‐	  to	  supra-­‐tidal	  environments,	  a	  boundary	  that	  is	  important	  to	  interpreting	  
Holocene	  sequences,	  has	  not	  been	  examined	  (e.g.,	  Andrews	  et	  al.	  2000;	  Wilson	  et	  al.	  
2005a,b;	  Lamb	  et	  al.,	  2007).	  Further,	  the	  relationship	  of	  δ13C,	  TOC	  and	  C/N	  to	  elevation	  
with	  respect	  to	  the	  tidal	  frame	  was	  not	  examined	  nor	  were	  the	  implications	  for	  RSL	  
reconstruction	  directly	  assessed	  (e.g.,	  Andrews,	  2008).	  In	  addition,	  regional,	  inter-­‐,	  or	  
intra-­‐site	  variability	  in	  δ13C	  and	  C/N	  distributions	  was	  not	  examined	  in	  all	  studies	  (e.g.,	  
Andrews	  et	  al.	  2000;	  Wilson	  et	  al.	  2005a,b;	  Lamb	  et	  al.,	  2007).	  UK	  coastlines	  have	  
already	  been	  the	  study	  of	  many	  regional	  investigations	  of	  microfossil	  distributions	  (e.g.,	  
Horton	  et	  al.,	  1999;	  Gehrels	  et	  al;	  2000;	  Horton	  and	  Edwards,	  2006),	  but	  they	  are	  prone	  
to	  issues	  with	  preservation	  (e.g.,	  Metcalfe	  et	  al.,	  2000)	  and	  the	  lack	  of	  modern	  
analogues	  (e.g.,	  Horton	  and	  Edwards,	  2006).	  The	  objectives	  of	  this	  work	  are:	  	  
i. Identify	  contemporary	  coastal	  wetland	  sites	  for	  investigation	  in	  the	  Thames	  
Estuary	  and	  Norfolk,	  UK.	  The	  contemporary	  sites	  should	  exhibit	  a	  wide	  range	  of	  
environments	  with	  the	  objective	  of	  ensuring	  that	  most	  fossil	  sites	  have	  a	  modern	  
analogue;	  	  
ii. Examine	  the	  contemporary	  distribution	  of	  δ13C,	  TOC,	  and	  C/N	  in	  tidal	  flat,	  salt	  
marsh,	  reed	  swamp	  and	  fen	  carr	  environments	  to	  consider	  its	  accuracy	  and	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precision	  as	  a	  sea-­‐level	  indicator.	  Compare	  the	  δ13C,	  TOC	  and	  C/N	  distribution	  of	  
wetland	  environments	  to	  identify	  general	  and	  site-­‐specific	  trends;	  
iii. Perform	  δ13C,	  TOC	  and	  C/N	  and	  microfossil	  analyses	  on	  cores	  from	  the	  Thames	  
Estuary	  to	  produce	  sea-­‐level	  index	  points.	  Evaluate	  the	  relative	  utility	  of	  δ13C	  and	  
C/N	  and	  microfossils	  and	  the	  overall	  applicability	  of	  δ13C	  and	  C/N	  in	  Holocene	  
RSL	  reconstruction	  in	  the	  UK.	  	  
1.3 THESIS STRUCTURE 
Chapter	  Two	  introduces	  pertinent	  background	  information	  for	  the	  δ13C	  and	  C/N	  
approach	  to	  paleoenvironmental	  and	  relative	  sea-­‐level	  reconstruction.	  A	  broad	  
overview	  of	  the	  factors	  influencing	  δ13C	  and	  C/N	  of	  wetland	  plants	  and	  sediments	  is	  
presented	  with	  a	  discussion	  of	  methodological	  considerations.	  Key	  studies	  employing	  
δ13C	  and	  C/N	  are	  highlighted	  to	  draw	  attention	  to	  strengths	  and	  weaknesses	  the	  δ13C	  
and	  C/N	  approach	  at	  the	  current	  state	  of	  knowledge.	  This	  chapter	  has	  been	  accepted	  for	  
publication	  in	  the	  Handbook	  of	  Sea-­‐Level	  Research.	  
Chapter	  Three	  investigates	  spatial	  variation	  in	  wetland	  sediment	  accumulation	  across	  
the	  Atchafalaya	  Delta,	  Terrebonne,	  Barataria,	  and	  Mississippi	  River	  (Birdsfoot)	  Delta	  
basins	  following	  the	  2011	  Mississippi	  River	  flood.	  Physical,	  biological,	  and	  chemical	  
characteristics	  of	  the	  sediment	  deposited	  by	  the	  flood	  are	  described	  and	  an	  indicator	  of	  
flood	  deposition	  is	  identified.	  This	  chapter	  has	  been	  published	  in	  Geology	  (Khan,	  N.S.,	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Horton,	  B.P.,	  McKee,	  K.L.,	  Jerolmack,	  D.J.,	  Falcini,	  F.,	  Enache,	  M.D.	  and	  Vane,	  C.H.,	  2013.	  
Tracking	  sedimentation	  from	  the	  historic	  2011	  Mississippi	  River	  Flood	  in	  Louisiana	  
Deltaic	  wetlands.	  Geology,	  41,	  391-­‐394).	  
Chapter	  Four	  considers	  the	  utility	  of	  δ13C	  and	  C/N	  of	  mangrove	  sedimentary	  organic	  
matter	  in	  the	  reconstruction	  of	  Holocene	  paleoenvironment	  and	  relative	  sea	  level.	  
Transects	  from	  three	  study	  sites	  in	  northeastern	  Puerto	  Rico	  are	  used	  to	  describe	  the	  
contemporary	  distribution	  of	  δ13C	  and	  C/N	  and	  foraminifera	  in	  mangrove	  and	  
freshwater	  swamp	  environments.	  The	  relative	  accuracy	  and	  precision	  of	  the	  
contemporary	  distribution	  of	  δ13C	  and	  C/N	  and	  foraminifera	  are	  considered.	  The	  
contemporary	  distributions	  were	  applied	  to	  mangrove	  peat	  core	  from	  Rio	  Grande,	  
Puerto	  Rico	  using	  linear	  discriminant	  analysis	  to	  investigate	  paleo-­‐performance	  of	  the	  
indicators.	  This	  chapter	  has	  been	  prepared	  to	  be	  submitted	  to	  Organic	  Geochemistry.	  
Chapter	   Five	   examines	   the	   use	   δ13C	   and	   C/N	   in	   Holocene	   paleoenvironmental	   and	  
relative	  sea-­‐level	  reconstruction	  in	  the	  UK.	  Transects	  from	  four	  sites	  containing	  tidal	  flat,	  
salt	   marsh,	   reed	   swamp,	   and	   fen	   carr	   environments	   are	   used	   to	   describe	   the	  
contemporary	  distribution	  of	  δ13C	   and	  C/N	  values	   and	   investigate	   intra-­‐	   and	   inter-­‐site	  
variability.	   The	   contemporary	   dataset	   is	   used	   along	   with	   microfossils	   (foraminifera,	  
pollen,	  diatoms)	  contained	  in	  the	  cores	  to	  interpret	  a	  Holocene	  sediment	  sequence	  from	  
the	   lower	   Thames	   Estuary	   and	   the	   relative	   utility	   of	   the	   indicators	   is	   considered.	   This	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chapter	  has	  been	  prepared	  to	  be	  submitted	  to	  Quaternary	  Science	  Reviews.	  
Chapter	  Six	  considers	  future	  research	  directions	  and	  the	  wider	  significance	  of	  this	  
research.	  This	  chapter	  includes	  a	  summary	  of	  a	  recent	  study	  with	  which	  I	  was	  involved	  
(Falcini,	  F.,	  Khan,	  N.S.,	  Macelloni,	  L.,	  Horton,	  B.P.,	  Lutken,	  C,	  B.,	  McKee,	  L.,	  Santoleri,	  R.,	  
Colella,	  S.,	  Li,	  C.,	  Volpe,	  G.,	  D’Emidio,	  M.,	  Salusti,	  A.	  and	  Jerolmack,	  D.J.,	  2012.	  Linking	  
the	  historic	  2011	  Mississippi	  River	  flood	  to	  coastal	  wetland	  sedimentation.	  Nature	  
Geoscience.	  DOI:	  10.1038/NGEO1615)	  that	  used	  the	  results	  described	  in	  Chapter	  Three.	  
The	  distribution	  of	  mangrove	  floral	  zones	  and	  δ13C,	  C/N	  and	  foraminifera	  from	  Chapter	  
Four	  are	  applied	  to	  produce	  a	  new	  record	  of	  Holocene	  relative	  sea-­‐level	  change	  from	  
Puerto	  Rico	  and	  validate	  sea-­‐level	  data	  across	  the	  Caribbean	  region.	  Holocene	  relative	  
sea-­‐level	  reconstruction	  from	  a	  site	  on	  the	  Thames	  Estuary	  is	  derived	  from	  the	  
distribution	  of	  δ13C	  and	  C/N	  described	  in	  Chapter	  Five	  and	  compared	  to	  other	  sea-­‐level	  
data	  from	  the	  region.	  The	  latter	  two	  discussion	  topics	  have	  the	  potential	  to	  be	  peer-­‐
reviewed	  publications.	  
Chapter	  Seven	  summarizes	  the	  main	  conclusions	  drawn	  from	  this	  research	  and	  makes	  
recommendations	  for	  future	  validation	  of	  and/or	  amendments	  to	  the	  
paleoenvironmental	  and	  sea-­‐level	  indicators	  described	  in	  this	  thesis.	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CHAPTER 2. THE APPLICATION OF STABLE CARBON ISOTOPE AND C/N 
GEOCHEMISTRY OF COASTAL WETLAND SEDIMENTS AS A SEA-LEVEL 
INDICATOR* 
SYNOPSIS 
Stable	  carbon	  isotopes	  (δ13C)	  and	  the	  ratio	  of	  organic	  carbon	  to	  total	  nitrogen	  (C/N)	  are	  
able	  to	  differentiate	  sources	  of	  organic	  matter	  that	  accumulate	  in	  coastal	  depositional	  
sequences,	  which	  makes	  them	  useful	  to	  reconstruct	  former	  sea	  levels.	  This	  chapter	  
describes	  the	  factors	  that	  influence	  δ13C	  and	  C/N	  geochemistry	  of	  coastal	  wetland	  
sediments,	  outlines	  basic	  methods	  for	  its	  use	  in	  relative	  sea-­‐level	  reconstruction,	  and	  
draws	  attention	  to	  several	  case	  studies.	  
*Accepted	  for	  publication	  in	  The	  Handbook	  for	  Sea-­‐Level	  Research	  as	  Khan,	  N.S.,	  Vane,	  
C.H.,	  Horton,	  B.P.	  The	  application	  of	  stable	  carbon	  isotope	  and	  C/N	  geochemistry	  of	  
coastal	  wetland	  sediments	  as	  a	  sea-­‐level	  indicator.	  
2.1 INTRODUCTION 
The	  stable	  carbon	  isotope	  geochemistry	  of	  organic	  remains	  preserved	  in	  tidal	  wetland	  
sediments	  can	  provide	  valuable	  information	  about	  relative	  sea-­‐level	  change	  (e.g.,	  
Tornqvist	  et	  al.,	  2004;	  Wilson	  et	  al.,	  2005;	  Kemp	  et	  al.,	  2012b;	  Kemp	  et	  al.,	  2013a;	  
Engelhart	  et	  al.,	  2013a,b).	  Stable	  carbon	  isotopes	  (δ13C)	  and	  the	  ratio	  of	  organic	  carbon	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to	  total	  nitrogen	  (C/N)	  together	  are	  able	  to	  differentiate	  sources	  of	  organic	  matter	  that	  
accumulate	  in	  coastal	  depositional	  sequences,	  in	  particular	  between	  C3	  and	  C4	  
vegetation	  and	  freshwater	  and	  marine	  organic	  matter.	  They	  hold	  value	  as	  sea-­‐level	  
indicators	  because	  modern	  intertidal	  depositional	  environments	  (e.g.,	  tidal	  flat,	  low	  
marsh,	  high	  marsh,	  and	  freshwater	  environments)	  with	  distinct	  bulk	  sediment	  and	  plant	  
δ13C	  and	  C/N	  values	  occur	  at	  specific	  elevation	  ranges	  relative	  to	  the	  tidal	  frame	  
(Chmura	  and	  Aharon,	  1995;	  Lamb	  et	  al.,	  2006;	  Wilson	  et	  al.,	  2005a,b;	  Kemp	  et	  al.,	  
2012b;	  Fig	  2.1).	  	  
The	  range	  of	  δ13C	  and	  C/N	  values	  of	  end-­‐members	  (flora	  or	  fauna	  incorporated	  in	  
sediments)	  has	  been	  established	  from	  studies	  in	  temperate	  and	  tropical	  settings	  (Fig.	  
2.1A).	  Further,	  the	  general	  pathway	  of	  δ13C	  and	  C/N	  values	  from	  plant	  tissue	  to	  bulk	  
sediments	  has	  been	  identified	  (Fig.	  2.1B,	  Fig.	  2.2).	  Bulk	  sediment	  δ13C	  and	  C/N	  values	  are	  
the	  result	  of	  autochthonous	  inputs	  from	  wetland	  vegetation	  and	  allochthonous	  sources,	  
such	  as	  algae	  and	  particulate	  organic	  matter	  (Fry	  et	  al.,	  1977;	  Chmura	  and	  Aharon,	  1995;	  
Middelburg	  et	  al.,	  1997).	  However,	  application	  to	  paleoenvironmental	  studies	  may	  be	  
complicated	  by	  accumulation	  of	  allochthonous	  marine	  or	  riverine	  organic	  matter	  
sources	  or	  early	  degradation	  of	  in	  situ	  organic	  matter	  (Fig	  2.2).	  The	  early	  degradation	  of	  
organic	  matter	  causes	  only	  a	  minor	  change	  in	  δ13C	  values,	  although	  C/N	  values	  may	  
change	  greatly	  (T0	  to	  T1;	  Kemp	  et	  al.,	  2012b).	  Diagenesis	  of	  sediments	  over	  Holocene	  
timescales	  may	  cause	  additional	  deviation	  in	  sediment	  δ13C	  and	  C/N	  from	  their	  original	  
CHAPTER	  2	  
	   18	  
values	  at	  time	  of	  deposition	  (T1	  to	  T2;	  Wilson	  et	  al.,	  2005b).	  Because	  surface	  sediment	  
δ13C	  and	  C/N	  values	  represent	  a	  time	  averaging	  of	  the	  various	  sources	  of	  organic	  matter	  
to	  sediments,	  surface	  sediments,	  rather	  than	  contemporaneous	  vegetation	  end-­‐
members,	  are	  the	  more	  suitable	  analogue	  for	  fossil	  samples.	  The	  bulk	  sediment	  δ13C	  and	  
C/N	  values	  of	  intertidal	  depositional	  environments	  are	  recognizable	  in	  sedimentary	  
archives.	  
There	  are	  numerous	  applications	  of	  δ13C	  and	  C/N	  in	  coastal	  environments	  (see	  Lamb	  et	  
al.,	  2006),	  although	  most	  of	  these	  studies	  investigate	  the	  provenance	  of	  organic	  matter	  
in	  coastal	  archives	  (e.g.,	  Thorton	  and	  McMacnus,	  1994;	  Pilarczyk	  et	  al.,	  2012),	  carbon	  
dynamics	  within	  coastal	  ecosystems	  (e.g.,	  Showers	  and	  Angle,	  1986;	  Andrews	  et	  al.,	  
2000),	  or	  broad-­‐scale	  paleoenvironmental	  change	  (e.g.,	  Byrne	  et	  al.,	  2001;	  Zong	  et	  al.,	  
2010).	  The	  development	  of	  δ13C	  and	  C/N	  as	  a	  sea-­‐level	  indicator	  is	  in	  its	  infancy.	  Among	  
the	  few	  number	  of	  studies	  that	  examine	  the	  use	  of	  δ13C	  and/or	  C/N	  in	  sea-­‐level	  
reconstruction,	  only	  a	  few	  published	  datasets	  exist	  that	  specifically	  examine	  the	  
relationship	  of	  δ13C	  and	  C/N	  to	  elevation	  with	  respect	  to	  the	  tidal	  frame	  (Wilson	  et	  al.,	  
2005;	  Lamb	  et	  al.,	  2007;	  Kemp	  et	  al.,	  2010,	  2012b,	  2013a;	  Engelhart	  et	  al.,	  2013b),	  which	  
is	  a	  key	  determinant	  in	  its	  utility	  as	  a	  sea-­‐level	  indicator.	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In	  a	  study	  of	  the	  intertidal	  zone	  of	  the	  southern	  Atlantic	  coast	  of	  New	  Jersey,	  Kemp	  et	  al.	  
(2012b)	  showed	  that	  δ13C	  values,	  along	  with	  the	  absence/presence	  of	  agglutinated	  
foraminifera,	  distinguished	  between	  elevation-­‐dependent	  environmental	  zones,	  while	  
the	  C/N	  values	  remained	  uniform	  (Fig	  2.3a,b).	  Thus,	  stable	  carbon	  isotope	  geochemistry	  
has	  been	  revealed	  to	  be	  most	  powerful	  when	  used	  in	  combination	  with	  simple	  metrics	  
of	  microfossil	  assemblages	  (e.g.,	  absence/presence	  of	  salt	  marsh	  foraminifera)	  in	  a	  
multi-­‐proxy	  approach.	  	  
Here	  we	  focus	  on	  studies	  employing	  δ13C	  and	  C/N	  to	  quantitatively	  reconstruct	  relative	  
sea	  level	  and	  direct	  the	  reader	  to	  Lamb	  et	  al.	  (2006)	  for	  a	  comprehensive	  review	  of	  the	  
use	  of	  δ13C	  and	  C/N	  in	  coastal	  paleoenvironmental	  applications.	  In	  this	  chapter,	  we	  
describe	  the	  factors	  controlling	  δ13C	  and	  C/N	  of	  wetland	  plants	  and	  sediments	  and	  
outline	  basic	  methods	  for	  its	  use	  in	  sea-­‐level	  reconstruction.	  We	  highlight	  key	  studies	  
employing	  δ13C	  and	  C/N,	  draw	  attention	  to	  strengths	  and	  weaknesses	  of	  its	  use	  and	  
offer	  suggestions	  for	  future	  research	  directions	  to	  further	  develop	  this	  technique.	  
2.2 δ13C AND C/N OF SOURCES OF ORGANIC MATTER TO TIDAL WETLANDS 
There	  are	  significant	  variations	  in	  δ13C	  and	  C/N	  in	  the	  sources	  of	  organic	  matter	  
incorporated	  into	  tidal	  wetland	  sediments	  (Fig	  2.1).	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Figure	  2.3	  	  The	  application	  of	  δ13C	  and	  foraminifera	  to	  reconstruct	  Late	  Holocene	  vegetation	  and	  relative	  sea-­‐
level	  history	  in	  Leeds	  Point,	  New	  Jersey.	  (A)	  δ13C	  and	  C/N	  values	  of	  all	  bulk	  sediment	  and	  living	  plant	  samples	  
in	  the	  study,	  classified	  by	  depositional	  environment	  (low	  salt	  marsh	  (open	  circles),	  high	  salt	  marsh	  (grey	  
circles),	  freshwater	  upland	  and	  brackish	  transition	  (black	  circles)	  or	  plant	  species	  (Spartina	  spp.	  (open	  
squares)	  or	  Phragmites	  australis	  (grey	  squares)).	  δ13C	  values	  clearly	  delineate	  between	  plants	  and	  sediments	  
derived	  from	  C3	  vs.	  C4	  plant	  types.	  C/N	  of	  bulk	  sediments	  converges	  to	  values	  between	  10-­‐20,	  irrespective	  of	  
depositional	  environment.	  (B)	  Range	  in	  δ13C	  and	  elevation,	  given	  in	  Standardized	  Water	  Level	  Index	  (SWLI)	  
units,	  of	  bulk	  sediment	  samples	  classified	  by	  environment	  from	  which	  the	  sample	  was	  collected	  (freshwater	  
upland	  (triangle),	  brackish	  transition	  (X),	  high	  salt	  marsh	  (circle),	  low	  salt	  marsh	  (square)).	  The	  elevation	  of	  
tidal	  datums	  and	  the	  highest	  occurrence	  of	  foraminifera	  are	  indicated	  by	  horizontal	  dashed	  lines.	  The	  ~	  3	  ‰	  
demarcation	  between	  C3	  and	  C4-­‐derived	  sediment	  types	  is	  indicated	  by	  vertical	  dashed	  lines,	  and	  grey	  
shading	  is	  applied	  to	  indicate	  the	  distinct	  range	  in	  δ13C	  and	  elevation	  that	  C3	  and	  C4-­‐derived	  sediment	  types	  
occupy.	  (C)	  Lithology,	  δ13C,	  TOC,	  C/N,	  and	  species	  abundance	  of	  key	  foraminifera	  taxa	  (represented	  by	  
horizontal	  bars)	  and	  reconstructed	  paleomarsh	  elevation	  (PME)	  in	  standardized	  water	  level	  index	  (SWLI)	  units	  
and	  elevation	  relative	  to	  local	  mean	  tide	  level	  (MTL)	  from	  a	  core	  collected	  at	  Leeds	  Point.	  Paleomarsh	  
elevation	  was	  reconstructed	  using	  a	  transfer	  function	  applied	  to	  foraminifera	  preserved	  in	  the	  core	  (filled	  
circles	  and	  error	  bars)	  and	  δ13C-­‐based	  indicative	  meanings	  (grey	  shading).	  Dashed	  lines	  illustrate	  the	  error	  
that	  was	  trimmed	  from	  the	  final	  PME	  reconstruction	  on	  the	  basis	  of	  δ13C	  values.	  Modified	  from	  Kemp	  et	  al.	  
(2012b;	  2013a).	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The	  relatively	  large	  variations	  in	  the	  δ13C	  of	  C3	  vs.	  C4	  organic	  matter	  (~14	  ‰),	  terrestrial	  
C3	  vs.	  marine	  organic	  matter	  (5-­‐8	  ‰),	  seagrass	  vs.	  planktonic	  marine	  organic	  matter	  (10	  
‰),	  and	  downstream	  changes	  in	  river-­‐estuarine	  gradients	  (3-­‐7	  ‰)	  should	  predominate	  
over	  smaller	  variations	  in	  isotopic	  composition	  over	  time	  caused	  by	  seasonal	  effects	  or	  
other	  environmental	  changes	  such	  as	  local	  temperature	  or	  humidity	  (Tyson,	  1995).	  On	  
the	  basis	  of	  δ13C	  alone,	  there	  is	  a	  strong	  overlap	  of	  C4	  marsh	  vegetation	  and	  marine-­‐
derived	  organic	  matter	  values,	  which	  may	  confound	  paleoenvironmental	  
interpretations.	  The	  C/N	  ratio	  can	  help	  with	  the	  distinction	  between	  these	  two	  sources	  
(Lamb	  et	  al.,	  2006).	  
2.2.1 Carbon isotopic fractionation 
There	  are	  three	  naturally	  occurring	  carbon	  isotopes:	  12C,	  13C,	  and	  14C.	  12C	  and	  13C	  
comprise	  the	  stable	  carbon	  isotopes,	  while	  14C	  is	  radioactive	  (with	  a	  half-­‐life	  of	  5,730	  
years)	  and	  is	  used	  to	  determine	  the	  age	  of	  organic	  remains	  preserved	  in	  stratigraphic	  
sequences.	  The	  ratio	  of	  13C	  to	  12C	  is	  expressed	  in	  δ13C	  notation:	  
δ13C =
13C / 12Csample
13C / 12Cstandard
−1
"
#
$$
%
&
''×103 ,	  
given	  in	  parts	  per	  thousand	  (‰)	  with	  reference	  to	  the	  standard	  Pee	  Dee	  Belemnite	  
(PDB).	  12C	  has	  a	  much	  higher	  natural	  occurrence	  than	  13C	  (98.9%	  vs.	  1.1%,	  respectively).	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Therefore,	  slight	  variations	  in	  the	  ratio	  of	  the	  two	  isotopes	  are	  recorded	  in	  organic	  
materials	  due	  to	  isotopic	  fractionation	  during	  physical,	  chemical	  and	  biological	  
processes	  (Dawson	  et	  al.,	  2002).	  	  
2.2.1.1 Terrestrial carbon 
Most	  of	  the	  natural	  variation	  in	  the	  isotopic	  composition	  of	  organic	  matter	  occurs	  as	  a	  
consequence	  of	  photosynthesis	  (Wickman,	  1952).	  Terrestrial	  plants	  are	  divided	  into	  
three	  major	  groups	  on	  the	  basis	  of	  their	  photosynthetic	  pathway:	  C3,	  C4,	  and	  
Crassulacean	  acid	  metabolism	  (CAM).	  The	  different	  ways	  in	  which	  these	  plants	  fix	  
carbon	  results	  in	  distinct	  isotopic	  variations	  intrinsic	  to	  each	  plant	  type.	  The	  variation	  in	  
δ13C	  is	  due	  to	  the	  biochemical	  properties	  of	  the	  primary	  CO2-­‐fixing	  enzymes	  and	  
limitations	  of	  CO2	  diffusion	  into	  the	  leaf	  (O’Leary,	  1988).	  Plants	  using	  the	  C3-­‐pathway	  
reduce	  CO2	  to	  the	  3-­‐C	  compound	  phosphoglycerate	  by	  use	  of	  ribulose	  bisphosphate	  
carboxylase	  (Rubisco),	  which	  discriminates	  against	  the	  heavier	  13C	  isotope	  (Calvin	  and	  
Benson,	  1949).	  Plants	  with	  this	  photosynthetic	  pathway	  have	  δ13C	  values	  ranging	  from	  -­‐
32	  ‰	  to	  -­‐21	  ‰	  (Deines,	  1980).	  	  
Plants	  following	  the	  C4-­‐pathway	  reduce	  CO2	  to	  the	  4-­‐C	  compounds	  of	  aspartic	  or	  malic	  
acid	  by	  the	  enzyme	  phosphoenol	  pyruvate	  carboxylase	  (PEP)	  (Slack	  and	  Hatch,	  1967).	  
The	  discrimination	  of	  PEP	  against	  13C	  is	  relatively	  less	  than	  that	  of	  Rubisco	  and	  results	  in	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higher	  δ13C	  values	  than	  C3	  terrestrial	  plants.	  C4	  plants	  range	  in	  δ13C	  from	  -­‐17	  ‰	  to	  -­‐9	  ‰	  
(Chmura	  and	  Aharon,	  1995)	  and	  have	  distinct,	  mutually	  exclusive	  values	  of	  δ13C	  with	  
respect	  to	  C3	  plants	  (Smith	  and	  Epstein,	  1971).	  
CAM	  plants	  can	  minimize	  water	  loss	  by	  nighttime	  CO2	  fixation	  via	  PEP	  (Ting,	  1985).	  
While	  most	  CAM	  plants	  have	  a	  resulting	  δ13C	  closer	  to	  C4	  plants,	  under	  some	  
environmental	  conditions,	  facultative	  CAM	  species	  are	  able	  to	  utilize	  the	  C3	  pathway	  
during	  daytime	  using	  Rubisco	  (O’Leary,	  1981).	  The	  δ13C	  of	  facultative	  CAM	  plants	  will	  
have	  a	  value	  dependant	  on	  the	  proportion	  of	  carbon	  fixed	  by	  Rubisco	  vs.	  PEP	  (Osmond	  
et	  al.,	  1976).	  The	  δ13C	  for	  these	  plants	  covers	  the	  range	  of	  -­‐28	  ‰	  to	  -­‐10	  ‰	  (Deines,	  
1980).	  	  	  
Of	  all	  terrestrial	  plant	  species,	  most	  are	  C3.	  These	  plant	  types	  are	  dominant	  in	  temperate	  
forest	  and	  freshwater	  aquatic/wetland	  environments,	  although	  C4	  and	  CAM	  plants	  have	  
a	  significant	  presence	  in	  warm,	  arid	  environments	  (Osmond	  et	  al.,	  1982).	  High	  salinity	  
imposes	  a	  similar	  stress	  on	  plants	  as	  water	  stress	  in	  arid	  environments,	  thus	  C4	  and	  CAM	  
plants	  are	  well	  adapted	  to	  saline	  intertidal	  environments	  (Malamud-­‐Roam	  and	  Ingram,	  
2004).	  
In	  addition	  to	  photosynthetic	  pathway,	  variation	  in	  plant	  δ13C	  can	  occur	  due	  to	  
environmental	  factors.	  Water-­‐availability	  and	  internal	  leaf	  CO2	  controls	  the	  ‘openness’	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of	  the	  stomatal	  aperture,	  expressed	  as	  stomatal	  conductance	  (cm/s)	  (Shlesinger,	  1997).	  
Decreased	  stomatal	  conductance,	  due	  to	  increased	  salinity	  stress	  (e.g.,	  Guy,	  1980)	  or	  
higher	  atmospheric	  CO2	  (Park	  and	  Epstein,	  1960),	  causes	  more	  CO2	  inside	  the	  leaf	  to	  
react	  with	  CO2-­‐fixing	  enzymes.	  Thus,	  less	  fractionation	  of	  isotopes	  occurs	  and	  plant	  δ13C	  
increases	  (Farquhar	  et	  al.,	  1982;	  Guy	  and	  Reid,	  1986).	  
Changes	  in	  the	  source	  of	  CO2	  to	  the	  atmosphere	  due	  to	  climatic	  and	  anthropogenic	  
factors	  (e.g.,	  Leuenberger	  et	  al.,	  1992;	  Keeling,	  1979)	  have	  not	  remained	  constant	  over	  
time	  and	  may	  also	  affect	  the	  δ13C	  of	  terrestrial	  plants.	  One	  important	  anthropogenic	  
influence	  is	  the	  addition	  of	  CO2	  derived	  from	  fossil	  fuels	  (coal:	  -­‐25	  ‰;	  natural	  gas:	  -­‐40	  
‰,	  petroleum:	  -­‐30	  ‰)	  that	  have	  a	  combined	  average	  δ13C	  of	  -­‐26	  ‰	  since	  the	  onset	  of	  
the	  Industrial	  Revolution	  (Tans,	  1981;	  Boutton,	  1991).	  Pre-­‐1850	  δ13C	  composition	  of	  the	  
atmosphere	  was	  calculated	  to	  be	  -­‐6.4	  ‰	  (Francey	  et	  al.,	  1999),	  which	  has	  decreased	  
over	  time	  to	  the	  present-­‐day	  δ13C	  of	  	  ~	  -­‐8.0	  ‰	  (Cuntz,	  2011).	  McCarroll	  and	  Loader	  
(2006)	  suggest	  the	  isotopic	  ratio	  of	  atmospheric	  CO2	  has	  declined	  by	  1.7	  ‰	  since	  1850	  in	  
two	  distinct	  phases:	  a	  slow	  decline	  from	  1850	  to	  1961	  (at	  a	  rate	  of	  0.0044	  ‰/yr)	  and	  a	  
more	  rapid	  fall	  from	  1962	  to	  1980	  (at	  a	  rate	  of	  0.0281	  ‰/yr),	  with	  a	  comparable	  rate	  to	  
the	  present	  (Andrews,	  2008).	  Several	  paleolacustrine	  records	  have	  demonstrated	  a	  
decrease	  in	  δ13C	  values	  from	  1850	  to	  present	  (Verberg	  et	  al.,	  2007;	  Castaneda	  et	  al.,	  
2011;	  Jiang	  et	  al.,	  2011),	  although	  this	  effect	  in	  coastal	  sedimentary	  archives	  is	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undocumented.	  The	  effect	  of	  small	  variations	  in	  atmospheric	  CO2	  on	  resulting	  plant	  δ13C	  
should	  be	  considered	  when	  comparing	  modern	  to	  pre-­‐industrial	  core	  material.	  
2.2.1.2 Aquatic carbon 
Aquatic	  photosynthetic	  organisms	  (phytoplankton,	  algae,	  seagrasses)	  use	  the	  C3	  
pathway,	  but	  have	  δ13C	  values	  that	  differ	  from	  terrestrial	  C3	  plants.	  This	  dissimilarity	  can	  
be	  explained	  by	  slower	  diffusion	  of	  CO2	  in	  water	  and	  ambient	  CO2	  availability	  (Fogel,	  
1992).	  Phytoplankton	  (diatoms,	  dinoflagellates,	  green	  algae,	  euglenoids)	  will	  
preferentially	  take	  up	  dissolved	  CO2	  until	  the	  source	  is	  exhausted,	  and	  the	  low	  
availability	  of	  CO2	  (-­‐8	  ‰)	  in	  the	  oceans	  will	  cause	  uptake	  of	  HCO3-­‐	  (~	  0	  ‰).	  As	  a	  result,	  
phytoplankton	  have	  values	  ranging	  from	  -­‐30	  ‰	  to	  -­‐18	  ‰	  (Degens,	  1968;	  Deines,	  1980;	  
Anderson	  and	  Arthur,	  1983).	  Variation	  occurs	  in	  marine	  (-­‐24	  ‰	  to	  -­‐18	  ‰)	  and	  
freshwater	  phytoplankton	  δ13C	  (-­‐30	  ‰	  to	  -­‐25	  ‰)	  due	  to	  higher	  dissolved	  CO2	  
concentrations	  compared	  to	  HCO3-­‐	  in	  river	  water.	  Similar	  to	  phytoplankton,	  the	  δ13C	  of	  
algae	  (freshwater: -30	  ‰	  to	  -­‐26	  ‰;	  marine:	  -­‐23	  ‰	  to	  -­‐16	  ‰)	  and	  sea	  grasses	  (-­‐21	  ‰	  to	  
-­‐6	  ‰;	  Hemminga	  and	  Mateo,	  1996)	  reflects	  its	  use	  of	  CO2	  relative	  to	  HCO3-­‐.	  Zooplankton	  
retain	  the	  signature	  of	  their	  diet,	  although	  slight	  enrichment	  of	  13C	  occurs	  along	  food	  
chains	  (Fry,	  2008).	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Particulate	  organic	  carbon	  (POC)	  is	  a	  term	  that	  describes	  suspended	  organic	  matter	  with	  
a	  diameter	  >	  0.45	  μm	  and	  includes	  phytoplankton,	  zooplankton	  and	  plant	  detritus.	  
Marine	  POC	  values	  lie	  between	  -­‐21	  ‰	  to	  -­‐16	  ‰,	  and	  freshwater	  POC	  values,	  which	  
strongly	  resemble	  terrestrial	  carbon	  sources,	  range	  between	  -­‐33	  ‰	  to	  -­‐25	  ‰	  (Lamb	  et	  
al.,	  2006).	  A	  gradient	  in	  δ13C	  values	  has	  been	  observed	  with	  increasing	  salinity	  along	  
numerous	  estuaries	  in	  northeastern	  Europe	  (Wilson	  et	  al.,	  2005b;	  Middelburg	  and	  
Herman,	  2007).	  Dissolved	  organic	  carbon	  (DOC)	  describes	  dissolved	  organic	  matter	  with	  
a	  diameter	  of	  <0.45	  µm.	  In	  marine	  settings,	  DOC	  consists	  primarily	  of	  soluble	  products	  of	  
plankton	  decomposition.	  In	  fluvial	  settings,	  DOC	  has	  an	  isotopic	  signature	  comparable	  to	  
phytoplankton	  and	  terrestrial	  humic	  substances,	  all	  of	  which	  should	  reflect	  the	  δ13C	  of	  
their	  precursor	  (i.e.,	  phytoplankton	  or	  C3/C4	  plant).	  
2.2.1.3 Microbial carbon 
Organic	  matter	  recycling	  by	  microbes	  (mainly	  bacteria	  and	  fungi)	  is	  prevalent	  in	  
intertidal	  environments	  due	  to	  the	  high	  productivity	  and	  availability	  of	  organic	  matter	  
(Blum	  et	  al.,	  2004).	  Depending	  on	  their	  origin,	  δ13C	  of	  bacteria	  ranges	  from	  -­‐27	  ‰	  to	  -­‐12	  
‰,	  which	  tends	  to	  lower	  bulk	  sediment	  δ13C	  (Coffin	  et	  al.,	  1989).	  However,	  estimates	  of	  
the	  proportion	  of	  bacterial	  biomass	  comprising	  the	  total	  organic	  carbon	  of	  sediment	  are	  
small	  (<	  4%	  in	  a	  North	  Carolina	  salt	  marsh;	  Rublee,	  1982)	  and	  should	  have	  minimal	  
effect	  on	  the	  resulting	  sediment	  δ13C	  (Ember	  et	  al.,	  1987).	  A	  similar	  logic	  may	  be	  applied	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to	  the	  incorporation	  of	  fungal	  mycelia	  into	  sediments	  in	  that	  the	  δ13C	  of	  fungi	  are	  about	  
3	  ‰	  higher	  than	  the	  vegetation	  being	  decayed	  (Vane	  et	  al.,	  2003),	  but	  represent	  a	  small	  
proportion	  of	  the	  overall	  biomass.	  
2.2.2 C/N values 
C/N	  ratios	  were	  the	  most	  common	  chemical	  method	  used	  to	  characterize	  the	  source	  
and	  degree	  of	  biological	  and	  diagenetic	  alteration	  of	  organic	  matter	  before	  the	  
development	  of	  stable	  C	  isotope	  methods	  (Tyson,	  1995).	  C/N	  values	  are	  useful	  in	  
distinguishing	  aquatic	  from	  terrestrial	  sources	  because	  aquatic	  organic	  matter	  has	  a	  
significantly	  higher	  bulk	  N	  content	  than	  that	  of	  terrestrial	  organic	  matter	  (Tyson,	  1995).	  	  
2.2.2.1 Terrestrial organic matter 
Terrestrial	  plants	  contain	  a	  large	  fraction	  of	  refractory	  structural	  biopolymers	  devoid	  of	  
N,	  such	  as	  hemicellulose,	  cellulose,	  and	  lignin	  (Vane	  et	  al.,	  2005;	  2006;	  2013a).	  These	  
components	  make	  up	  57	  to	  77%	  of	  herbaceous	  and	  woody	  plant	  tissues	  (Benner	  et	  al.,	  
1987).	  On	  the	  other	  hand,	  the	  amount	  of	  protein	  (C/N:	  ~	  3;	  Goodell,	  1972),	  a	  principal	  
N-­‐containing	  compound,	  is	  low	  in	  terrestrial	  organic	  matter	  (~1-­‐8%;	  Romankevich,	  
1990).	  C/N	  ratios	  in	  woody	  materials	  range	  from	  ~150	  to	  500	  (Vane,	  2003;	  Vane	  et	  al.,	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2003;	  2006),	  while	  the	  C/N	  ratio	  of	  leaves	  and	  herbaceous	  plants	  is	  lower	  in	  between	  20	  
to	  100	  (Tyson,	  1995;	  Vane	  et	  al.,	  2013a,b).	  	  
Soil	  organic	  matter	  is	  a	  complex	  mixture	  of	  plant,	  animal,	  or	  microbial	  remains	  and	  can	  
be	  categorized	  into	  primary	  compounds	  inherited	  from	  plant	  and	  animal	  residues	  
entering	  the	  soil	  and	  secondary	  compounds	  synthesized	  from	  the	  breakdown	  of	  primary	  
structures.	  Humic	  substances	  are	  an	  important	  variety	  of	  secondary	  compounds,	  which	  
are	  resistant	  to	  further	  decay	  and	  can	  make	  up	  to	  7	  to	  25%	  of	  soil	  organic	  matter	  in	  
terrestrial	  soils	  (Given,	  1984).	  Humic	  substances	  typically	  have	  C/N	  values	  that	  range	  
from	  10	  to	  34	  (Tyson,	  1995).	  	  The	  resulting	  C/N	  values	  of	  soil	  organic	  matter	  range	  from	  
13	  to	  33	  (Aitkenhead	  and	  McDowell,	  2000)	  and	  in	  peats	  can	  be	  as	  high	  as	  70	  (Vane	  et	  al.,	  
2013b).	  
2.2.2.2 Microbial organic matter 
Bacteria	  have	  low	  C/N	  values	  of	  4	  to	  6	  (Tyson,	  1995)	  due	  to	  their	  high	  protein	  content	  
(15%;	  Prado	  and	  Heck,	  2011).	  Fungal	  C/N	  values	  (10	  to	  35)	  are	  somewhat	  higher	  than	  
those	  reported	  for	  bacteria	  (Cundell	  et	  al.,	  1979;	  Valiela,	  1984;	  Rayner	  and	  Boddy,	  
1988),	  likely	  reflecting	  the	  presence	  of	  N	  containing	  components	  chitin,	  chitosan	  and	  
proteins	  in	  combination	  with	  N	  deficient	  polysaccharides	  (Vane	  et	  al.,	  2003;	  2005).	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2.2.3 Accumulation and preservation of organic matter 
2.2.3.1 Organic matter accumulation in relation to elevation 
Coastal	  environments	  represent	  the	  convergence	  of	  terrestrial	  and	  marine	  systems,	  and	  
accordingly,	  the	  δ13C	  and	  C/N	  values	  of	  these	  environments	  will	  depend	  on	  the	  relative	  
proportions	  of	  carbon	  derived	  from	  marsh	  detritus,	  phytoplankton,	  seagrasses,	  algae,	  
and	  POC	  transported	  by	  rivers	  and	  tides	  (Chmura	  and	  Aharon,	  1995;	  Middelburg	  et	  al.,	  
1997;	  Fig	  2.2).	  A	  strong	  environmental	  gradient	  exists	  along	  the	  transition	  from	  sub-­‐
tidal,	  intertidal	  and	  supra-­‐tidal	  zones.	  The	  accumulation	  of	  autochthonous	  and	  
allochthonous	  sources	  vary	  along	  this	  gradient	  in	  relation	  to	  duration	  of	  tidal	  flooding	  
(Cahoon	  and	  Reed,	  1995),	  and	  hence	  elevation	  with	  respect	  to	  the	  tidal	  frame.	  Mean	  
high	  water	  depth	  has	  a	  first-­‐order	  control	  on	  the	  sediment	  deposition	  rate	  (French,	  
1993;	  Allen,	  1995)	  and	  the	  amount	  of	  allochthonous	  organic	  matter	  deposited	  on	  the	  
wetland	  surface.	  Just	  as	  delivery	  of	  tidal-­‐derived	  POC	  increases	  with	  decreasing	  
elevation,	  riverine	  POC	  accumulation	  will	  vary	  with	  proximity	  to	  a	  river	  (Luternauer	  et	  
al.,	  1995),	  with	  locations	  closest	  to	  river	  mouths	  (e.g.,	  estuarine	  and	  deltaic	  wetlands)	  
receiving	  greater	  amounts	  of	  riverine	  POC.	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2.2.3.2 Post-depositional alteration and decomposition 
The	  decomposition	  of	  organic	  matter	  varies	  depending	  on	  a	  number	  of	  factors,	  including	  
the	  chemical	  composition	  and	  amount	  of	  organic	  matter,	  nutrient	  and	  oxygen	  
availability,	  temperature,	  soil	  moisture,	  the	  depth	  within	  soil,	  and	  the	  local	  fauna	  and	  
microorganisms	  (Hemminga	  and	  Buth,	  1991;	  Sanderman	  and	  Amundsan,	  2003).	  There	  
are	  three	  predominant	  phases	  in	  the	  degradation	  of	  organic	  matter	  in	  tidal	  wetland	  
sediments	  (Valiela	  et	  al.,	  1985).	  First,	  soluble	  compounds	  are	  leached,	  and	  a	  rapid	  loss	  of	  
vascular	  plant	  detritus	  occurs	  within	  days	  or	  months	  of	  deposition.	  Second,	  microbial	  
degradation	  of	  organic	  matter	  occurs,	  principally	  by	  bacteria	  and	  to	  a	  lesser	  degree	  by	  
fungi	  (Benner	  et	  al.,	  1984).	  During	  this	  phase,	  which	  may	  last	  up	  to	  a	  year,	  rates	  of	  
decomposition	  are	  variable.	  Enhanced	  nutrient	  quality	  of	  detritus	  can	  increase	  the	  rate	  
of	  decomposition,	  but	  anaerobic	  conditions	  promote	  slower	  decay	  rates	  than	  aerobic	  
conditions.	  In	  the	  third	  phase,	  which	  may	  last	  an	  additional	  year,	  only	  relatively	  
refractory	  material	  remains	  and	  decomposition	  rates	  are	  very	  slow	  (Fig	  2.2).	  	  
The	  effect	  of	  decomposition	  processes	  on	  δ13C	  and	  C/N	  varies	  among	  depositional	  
environments.	  In	  the	  upper	  intertidal/supra-­‐tidal	  zone,	  there	  is	  a	  net	  decrease	  in	  C/N	  
values	  due	  to	  C	  loss	  from	  microbial	  respiration,	  leaching	  of	  soluble	  compounds	  and	  
decay	  products,	  and	  particulate	  transport	  and	  a	  potential	  increase	  in	  N	  due	  to	  fixation	  of	  
external	  nitrogen	  sources	  (Valiela	  et	  al.,	  1985).	  In	  this	  zone,	  bulk	  δ13C	  values	  tend	  to	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decrease.	  Plant	  litter	  has	  isotopically	  distinct	  biochemical	  fractions	  (cellulose,	  
hemicellulose,	  and	  lignin)	  that	  decompose	  at	  different	  rates	  (Vane	  et	  al.,	  2003).	  
Compared	  to	  bulk	  plant	  material,	  cellulose	  and	  hemicellulose	  are	  1	  to	  2	  ‰	  higher	  in	  δ13C	  
and	  lignin	  is	  2	  to	  6	  ‰	  lower	  in	  δ13C	  (Benner	  et	  al.,	  1987).	  Because	  lignin	  decomposes	  
more	  slowly	  than	  the	  cellulose	  fractions,	  the	  δ13C	  of	  litter	  may	  decrease	  during	  
decomposition	  to	  values	  closer	  to	  that	  of	  plant	  lignin	  (Fig	  2.2).	  In	  the	  lower	  intertidal	  to	  
sub-­‐tidal	  zone,	  organic	  matter	  is	  mostly	  derived	  from	  POC	  of	  marine	  or	  riverine	  
provenance.	  Terrestrial	  material	  should	  already	  have	  been	  extensively	  degraded	  
upstream	  and	  is	  relatively	  resistant	  to	  further	  degradation.	  Phytoplankton	  is	  nitrogen-­‐
rich	  and,	  therefore,	  an	  attractive	  food	  source	  for	  consumers.	  Considerable	  degradation	  
in	  the	  water	  column	  occurs	  and	  only	  a	  small	  proportion	  of	  phytoplankton	  is	  
incorporated	  into	  the	  sediment.	  When	  planktonic	  sources	  are	  incorporated,	  the	  change	  
in	  C/N	  values	  is	  different	  than	  that	  of	  vascular	  plants.	  N,	  instead	  of	  C,	  is	  lost	  in	  greater	  
amounts	  and	  the	  C/N	  ratio	  increases	  in	  sediments	  (Valiela	  et	  al.,	  1995).	  	  The	  δ13C	  of	  
plankton	  may	  increase	  from	  end-­‐member	  to	  sediment	  values	  due	  to	  preferential	  
degradation	  of	  carbohydrates	  and	  proteins	  (enriched	  in	  13C)	  relative	  to	  lipids	  in	  the	  
water	  column	  (Lamb	  et	  al.,	  2006).	  
The	  effects	  of	  decomposition	  on	  C/N	  ratios	  confound	  its	  use	  in	  paleoenvironmental	  
interpretations.	  Due	  to	  the	  contrasting	  change	  in	  direction	  of	  values	  depending	  on	  the	  
dominant	  organic	  matter	  type	  being	  degraded	  (e.g.,	  phytoplankton	  vs.	  vascular	  plants),	  
CHAPTER	  2	  
	   34	  
surface	  sediment	  values	  have	  the	  tendency	  to	  converge	  on	  uniform	  values	  between	  10	  
and	  20.	  The	  changes	  in	  δ13C	  are	  not	  great	  enough	  to	  bias	  the	  distinction	  between	  C3/C4	  
vegetation,	  but	  may	  be	  problematic	  when	  making	  smaller	  distinctions	  between	  
terrestrial	  and	  marine	  sources	  (Wilson	  et	  al.,	  2005a).	  
2.3 APPROACHES TO SAMPLE COLLECTION, CORE STORAGE, PREPARATION AND MASS 
SPECTROMETRY 
2.3.1 Sample collection 
Sea	  level	  can	  be	  reconstructed	  using	  δ13C	  and	  C/N	  values	  when	  a	  sample’s	  indicative	  
meaning	  (its	  vertical	  relationship	  to	  contemporary	  tide	  levels)	  is	  defined.	  The	  floral	  
character	  of	  tidal	  wetlands	  is	  controlled	  by	  elevation	  relative	  to	  the	  tidal	  frame	  (Allen	  
and	  Pye,	  1992),	  but	  it	  is	  further	  influenced	  by	  location,	  local	  hydrographic	  conditions,	  
salinity	  regime,	  and	  substrate,	  which	  can	  cause	  local	  to	  regional	  variability	  in	  the	  δ13C	  
and	  C/N	  of	  plants	  and	  bulk	  sediment.	  Unless	  a	  dataset	  at	  a	  given	  location	  exists	  that	  
describes	  the	  relationship	  of	  plant	  or	  bulk	  sediment	  δ13C	  and	  C/N	  values	  relative	  to	  tide	  
levels	  (e.g.,	  Chmura	  et	  al.,	  1987;	  Tornqvist	  et	  al.,	  2004),	  sampling	  of	  the	  contemporary	  
environment	  is	  necessary	  in	  addition	  to	  collection	  of	  core	  material	  at	  the	  site	  for	  
paleoenvironmental	  and	  sea-­‐level	  reconstruction.	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To	  determine	  the	  indicative	  meaning	  of	  δ13C	  and	  C/N	  values,	  surface	  sediment	  and	  
vegetation	  samples	  from	  each	  depositional	  environment	  along	  an	  elevational	  gradient	  
should	  be	  collected	  and	  analyzed.	  Surface	  sediments	  (top	  0-­‐1	  cm	  in	  depth)	  are	  often	  
collected	  along	  shore-­‐normal	  transects	  (2.3;	  Kemp	  et	  al.,	  2010),	  and	  the	  elevation	  of	  
each	  sampling	  point	  should	  be	  leveled	  to	  a	  common	  datum.	  Dominant	  vegetation	  at	  
each	  sampling	  point	  should	  be	  noted,	  as	  well	  as	  if	  imported	  macro-­‐detritus	  (e.g.,	  algae	  
or	  seagrass)	  is	  visible	  on	  the	  sediment	  surface.	  Some	  studies	  have	  incorporated	  mixing	  
models	  (e.g.,	  Chmura	  et	  al.,	  1987)	  or	  other	  types	  of	  mass	  balance	  approach	  (e.g.,	  
Middelburg	  et	  al.,	  1997)	  to	  better	  understand	  surface	  sediment	  δ13C	  and	  C/N.	  In	  these	  
cases,	  recording	  the	  percent	  cover	  of	  plant	  taxa	  more	  rigorously	  using	  a	  quadrat	  (e.g.,	  
Malamud-­‐Roam	  and	  Ingram,	  2001)	  or	  taking	  measurements	  of	  sediment	  accumulating	  
on	  the	  surface	  using	  sediment	  traps	  (e.g.,	  Wheelock,	  1997),	  is	  useful.	  
To	  understand	  sources	  and	  processes	  contributing	  to	  bulk	  sediment	  δ13C	  and	  C/N	  
values,	  it	  is	  recommended	  to	  collect	  potential	  end-­‐members	  that	  contribute	  to	  surface	  
sediments:	  above-­‐	  and	  belowground	  components	  of	  all	  dominant	  wetland	  vegetation,	  
suspended	  sediment	  samples,	  and	  algae	  or	  seagrass	  if	  present	  (Vane	  et	  al.,	  2013a).	  
Consideration	  should	  be	  given	  to	  the	  plant	  components	  or	  organs	  collected	  for	  analysis	  
(Fig	  2.3).	  Because	  variations	  occur	  in	  δ13C	  and	  C/N	  among	  plant	  components,	  above	  and	  
belowground	  components	  will	  often	  be	  analyzed	  separately.	  The	  time	  of	  year	  during	  
which	  vegetation	  is	  collected,	  as	  well	  as	  whether	  newly	  produced	  or	  year-­‐old	  dead	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foliage	  is	  sampled	  for	  analysis,	  is	  also	  an	  important	  consideration.	  1-­‐4	  ‰	  variations	  in	  
δ13C	  and	  changes	  of	  up	  to	  ~40	  in	  C/N	  values	  may	  occur	  due	  to	  these	  factors	  (Cloern	  et	  
al.,	  2002).	  
Plant	  and	  sediment	  material	  should	  be	  sampled	  in	  sufficient	  quantity	  to	  obtain	  reliable	  
instrumental	  measurements.	  To	  avoid	  the	  loss	  of	  organic	  matter	  and	  prevent	  post-­‐
collection	  alteration	  of	  δ13C	  and	  C/N	  values,	  all	  samples	  (plant	  and	  sediment)	  should	  be	  
kept	  in	  a	  cool	  box	  in	  the	  field	  and	  subsequently	  refrigerated	  until	  samples	  can	  be	  
processed	  (Fig	  2.3).	  
2.3.2 Sample storage 
Plant	  samples	  should	  be	  dried	  immediately	  if	  possible	  or	  frozen	  until	  drying	  can	  occur	  
(Ehleringer,	  1991).	  Samples	  may	  be	  freeze-­‐dried	  or	  dried	  in	  an	  oven	  at	  a	  moderate	  
temperature	  (40-­‐50°C).	  Once	  dried,	  the	  plant	  sample	  can	  be	  stored	  without	  alteration	  to	  
isotopic	  composition,	  although	  very	  long	  storage	  and	  slow	  drying	  of	  the	  living	  material	  
should	  be	  avoided	  (Ehleringer,	  1991).	  	  
Sediment	  samples	  and	  cores	  should	  be	  stored	  at	  low	  temperatures	  (~4°C)	  in	  darkness	  to	  
limit	  microbial	  activity	  and	  negate	  photoxidation	  of	  the	  organic	  components.	  Freezing	  or	  
freeze-­‐drying	  of	  sediments	  can	  also	  halt	  organic	  matter	  alteration,	  although	  this	  is	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somewhat	  impractical	  for	  large	  volumes	  of	  sediment,	  and	  if	  sediments	  will	  also	  be	  
analyzed	  for	  microfossils,	  these	  processes	  may	  be	  destructive.	  Comparison	  of	  δ13C	  
profiles	  from	  Holocene	  sediments	  analyzed	  c.	  9	  years	  apart	  showed	  that	  storage	  at	  
ambient	  temperatures	  shifted	  the	  δ13C	  by	  up	  to	  +	  0.9	  ‰	  (Lamb	  et	  al.,	  2007).	  	  In	  addition,	  
cores	  should	  be	  sealed	  in	  an	  impervious	  material,	  such	  as	  polyurethane	  or	  
polycarbonate	  (plastic)	  lining	  to	  avoid	  dehydration	  and	  air	  contamination.	  
2.3.3 Sample preparation 
Sample	  preparation	  introduces	  the	  most	  error	  into	  elemental	  and	  isotopic	  
measurements,	  often	  non-­‐systematic	  and	  an	  order	  of	  magnitude	  greater	  than	  
instrumentation	  (Boutton,	  1991b;	  Brodie	  et	  al.,	  2011a,b).	  In	  all	  steps	  of	  preparation,	  
care	  must	  be	  taken	  in	  sample	  handling	  in	  the	  laboratory	  (Fig	  2.4).	  Nitrile	  or	  Latex	  gloves	  
should	  been	  worn	  when	  handling	  samples	  to	  avoid	  contamination	  by	  skin	  oils	  (Boutton,	  
1991b).	  All	  instruments	  (e.g.,	  forceps	  or	  spatulas)	  or	  glassware	  used	  to	  handle	  samples	  
should	  be	  thoroughly	  cleaned	  and	  dried	  before	  contact	  with	  samples.	  Best	  practices	  
include	  rinsing	  instruments	  with	  weak	  acid,	  followed	  by	  washing	  with	  laboratory	  
cleaning	  solution	  and	  a	  final	  rinse	  with	  deionized	  water	  before	  firing	  in	  a	  combustion	  
oven	  (appropriate	  for	  Pyrex	  or	  glassware)	  or	  rinsing	  with	  methanol	  (suitable	  for	  stainless	  
steel	  instruments).	  At	  the	  very	  minimum	  instruments/glassware	  should	  be	  washed	  in	  a	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laboratory	  cleaning	  solution,	  rinsed	  with	  deionized	  water,	  and	  dried	  before	  contact	  with	  
sample.	  
When	  subsampling	  plants	  and	  sediment	  for	  sample	  pretreatment,	  it	  is	  necessary	  to	  allot	  
enough	  material	  to	  obtain	  accurate	  instrument	  measurements,	  which	  conservatively	  is	  
~500	  μg	  C	  (Brodie	  et	  al.,	  2011b).	  In	  general,	  it	  is	  assumed	  that	  carbon	  comprises	  ~40%	  of	  
plant	  matter,	  so	  at	  least	  1.25	  mg	  of	  plant	  sample	  is	  needed	  for	  pretreatment.	  With	  
sediments,	  the	  amount	  of	  sample	  required	  is	  dependent	  on	  the	  amount	  of	  organic	  
matter	  in	  the	  sample.	  The	  color	  of	  a	  sediment	  sample	  can	  give	  a	  rough	  indication	  about	  
a	  sample’s	  organic	  content,	  with	  dark	  brown	  samples	  containing	  relatively	  high	  amounts	  
of	  organic	  matter	  and	  light	  grey	  samples	  containing	  little	  (Steinhardt	  and	  Franzmeier,	  
1979).	  
Inorganic	  carbon	  has	  an	  isotopic	  composition	  that	  varies	  greatly	  from	  that	  of	  organic	  
carbon	  sources,	  with	  values	  in	  general	  close	  to	  0	  ±	  4	  ‰	  (Boutton,	  1991).	  Its	  removal	  
from	  samples	  is	  necessary	  before	  isotopic	  analysis	  of	  organic	  matter.	  Recent	  
investigations	  by	  Brodie	  et	  al.	  (2011a,b)	  indicate	  that	  the	  method	  used	  to	  remove	  
carbonate	  material	  from	  samples	  may	  bias	  resulting	  δ13C	  and	  C/N	  values,	  thus	  this	  
method	  should	  be	  kept	  consistent	  on	  all	  samples	  within	  a	  study,	  and	  caution	  should	  be	  
taken	  when	  comparing	  values	  from	  multiple	  datasets	  using	  varying	  preparation	  
methods.	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A	  final	  consideration	  in	  minimizing	  error	  during	  sample	  pretreatment	  is	  ensuring	  sample	  
homogeneity.	  Because	  variation	  in	  δ13C	  and	  C/N	  can	  occur	  within	  bulk	  plant	  and	  
sediment	  material,	  it	  is	  important	  for	  samples	  to	  be	  ground	  to	  a	  fine	  powder,	  ideally	  
able	  to	  pass	  through	  at	  least	  a	  40-­‐mesh	  screen	  (Ehleringer,	  1991).	  Finely	  ground	  
material	  also	  burns	  more	  uniformly	  during	  combustion,	  which	  helps	  to	  reduce	  ‘carry-­‐
over’	  effects	  that	  lead	  to	  inaccuracy	  in	  δ13C	  and	  C/N	  values	  between	  measurements.	  
Before	  grinding	  sediment	  samples,	  large	  plant	  fragments	  should	  be	  removed.	  In	  general,	  
sediment	  samples	  with	  a	  high	  mineral	  content	  are	  easily	  ground	  to	  a	  fine-­‐consistency	  
powder	  using	  a	  pestle	  and	  mortar,	  although	  plant	  samples	  and	  sediment	  samples	  
containing	  a	  greater	  degree	  of	  plant	  fragments	  should	  be	  processed	  in	  a	  laboratory	  mill	  
(Wiley,	  ball,	  freezer,	  etc.),	  which	  is	  thoroughly	  cleaned	  between	  samples	  (Fig	  2.3).	  
2.3.4 Instrumentation 
Most	  commercially	  available	  isotope	  ratio	  mass	  spectrometers	  (IRMS)	  are	  fully	  
automated	  and	  permit	  quick	  δ13C	  analysis.	  Most	  systems	  posses	  six	  basic	  components:	  a	  
sample	  introduction	  system,	  an	  electron	  ionization	  source,	  a	  magnetic	  sector	  analyzer,	  a	  
pumping	  system	  that	  can	  maintain	  vacuum	  pressure	  during	  the	  gas	  analysis,	  a	  Faraday-­‐
collector	  detector	  array,	  and	  a	  computer-­‐controlled	  data	  acquisition	  system.	  An	  
elemental	  analyzer,	  used	  to	  measure	  the	  amount	  of	  C	  and	  N	  in	  a	  sample,	  is	  commonly	  
coupled	  with	  a	  mass	  spectrometer	  (EA-­‐IRMS)	  to	  introduce	  samples	  into	  the	  system.	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Figure	  2.4	  Collection,	  processing,	  and	  instrumental	  analysis	  of	  sediment	  and	  vegetation	  samples	  for	  δ13C	  
and	  C/N	  analysis.	  (1)	  (top	  panel)	  Collection	  of	  surface	  sediment	  samples	  along	  a	  transect	  extending	  
through	  the	  transition	  from	  tidal	  flat	  to	  low	  marsh	  environment	  from	  Dartford	  Creek,	  southeast	  England.	  
(center,	  bottom	  panel)	  Vegetation	  collected	  from	  Laguncularia	  racemosa	  in	  southeast	  Puerto	  Rico.	  Plant	  
components	  (leaves	  and	  pneumatophores)	  were	  sampled	  and	  stored	  separately	  in	  plastic	  bags	  on	  ice	  in	  a	  
cooler	  in	  the	  field.	  (b)	  Example	  of	  methods	  for	  processing	  samples	  for	  elemental	  and	  isotopic	  analysis,	  
which	  include	  carbonate	  removal,	  sample	  homogenization,	  and	  weighing	  samples	  in	  aluminum	  or	  silver	  
capsules	  and	  crimping	  them	  before	  instrumental	  analysis.	  (a)	  (top	  panels)	  The	  ‘rinse’	  method	  for	  removing	  
carbonates	  (as	  termed	  by	  Brodie	  et	  al.,	  2011a,b)	  where	  sediment	  samples	  are	  treated	  with	  5%	  HCl	  
overnight	  and	  are	  rinsed	  3	  times	  with	  at	  least	  1500	  ml	  of	  deionized	  water.	  (bottom	  panel)	  Plants	  samples	  
following	  acid	  pretreatment,	  laid	  out	  to	  be	  put	  in	  the	  oven	  to	  dry	  before	  grinding	  occurs.	  	  (b)	  Various	  
methods	  of	  homogenizing	  dried	  sediment	  and	  plant	  samples,	  including	  a	  Wiley	  mill	  (top	  left),	  pestle	  and	  
mortar	  (top	  right),	  and	  freezer	  mill	  (bottom).	  (c)	  An	  ‘in-­‐house’	  standard	  being	  weighed	  out	  into	  a	  tin	  
capsule	  using	  a	  microbalance.	  (top	  left)	  Equipment	  and	  tools	  necessary	  for	  weighing	  samples	  into	  
capsules.	  (top	  right,	  bottom	  left)	  Forceps	  used	  to	  transfer	  capsule	  to	  microbalance	  and	  fold	  and	  crimp	  tin	  
containing	  weighed	  sample	  to	  remove	  all	  air.	  (bottom	  right)	  Plastic	  tray	  used	  to	  organize	  and	  store	  
samples	  before	  elemental/isotopic	  analysis.	  (3)	  Instruments	  used	  to	  perform	  δ13C	  and	  C/N	  analysis.	  (top)	  
Costech	  Elemental	  Analyzer	  used	  for	  C/N	  measurement.	  (bottom)	  Thermo	  Finnigan	  mass	  spectrometer	  
used	  for	  δ13C	  analysis.	  
	  
	  
1. Sample collection 
c. Weighing into capsules 
a. Carbonate removal b. Sample homogenization 
3. Sample analysis 2. Sample preparation
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First,	  dried,	  homogenized	  samples	  are	  weighed	  using	  a	  microbalance,	  placed	  in	  tin	  or	  
silver	  capsules,	  and	  folded	  and	  crimped	  to	  remove	  all	  air.	  Sample	  capsules	  are	  lowered	  
into	  a	  combustion	  furnace,	  often	  through	  an	  auto-­‐sampler	  carousel.	  The	  sample	  is	  
combusted	  into	  CO2	  under	  flow	  of	  oxygen	  at	  elevated	  temperatures.	  A	  helium	  gas	  
stream	  carries	  the	  combusted	  sample	  into	  a	  reduction	  chamber	  where	  nitrous	  oxides	  
are	  converted	  into	  N2	  and	  excess	  O2	  is	  removed.	  The	  sample	  is	  next	  carried	  through	  a	  
chemical	  trap	  to	  remove	  water	  that	  was	  produced	  during	  combustion,	  and	  then	  into	  the	  
gas	  chromatograph	  where	  CO2	  is	  separated	  from	  N2	  and	  both	  are	  measured	  by	  a	  
thermal	  conductivity	  detector,	  which	  sequentially	  generates	  a	  signal	  of	  each	  element	  
that	  is	  proportional	  to	  its	  amount	  in	  each	  sample.	  The	  sample	  is	  then	  carried	  from	  the	  
elemental	  analyzer	  through	  an	  interface	  to	  the	  IRMS	  system	  for	  13C/12C	  analysis	  
alongside	  a	  reference	  gas	  standard	  (or	  working	  gas).	  
Following	  transfer	  of	  CO2	  to	  the	  mass	  spectrometer,	  molecules	  are	  ionized	  by	  
interaction	  with	  an	  electron	  beam.	  The	  ions	  are	  then	  accelerated	  through	  a	  magnetic	  
field	  at	  high	  voltage.	  The	  strength	  of	  the	  magnetic	  field	  and	  voltage	  applied	  will	  control	  
the	  trajectory	  of	  ions	  to	  enter	  the	  Faraday	  cups.	  For	  measurement	  of	  carbon	  isotope	  
ratio,	  the	  cups	  will	  be	  spaced	  to	  measure	  ions	  with	  mass	  to	  charge	  ratio	  of	  44,	  45	  and	  
46,	  which	  corresponds	  to	  CO2	  molecules	  with	  various	  combinations	  of	  12C,	  13C,	  16O,	  17O,	  
and	  18O.	  Sharpe	  (2007)	  provides	  a	  good	  review	  of	  computations	  involved	  in	  deriving	  δ13C	  
values	  from	  instrumental	  readings.	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Isotope	  ratios	  are	  measured	  relative	  to	  international	  standards	  (primary	  materials;	  VPDB	  
for	  carbon	  isotopes),	  thus	  it	  is	  necessary	  to	  use	  well-­‐characterized	  standards	  (both	  
working	  gas	  and/or	  solid	  material)	  whose	  isotope	  ratios	  have	  been	  determined	  against	  
the	  primary	  calibration	  materials.	  Primary	  and	  secondary	  reference	  materials	  
(compounds	  calibrated	  to	  primary	  materials	  within	  small	  uncertainties)	  are	  of	  limited	  
commercial	  availability,	  and	  often	  ‘in-­‐house’	  standards	  are	  produced	  at	  many	  isotope	  
facilities.	  	  Analysis	  of	  blanks	  and	  solid	  material	  standards	  placed	  throughout	  a	  run	  of	  
samples	  of	  unknown	  δ13C	  and	  C/N	  values	  can	  be	  used	  to	  provide	  indication	  of	  
instrumental	  error.	  Blanks	  (empty	  capsules	  folded	  as	  if	  containing	  a	  sample)	  can	  show	  
signs	  of	  carry-­‐over	  effects	  from	  incomplete	  combustion	  of	  samples	  or	  can	  be	  used	  to	  
correct	  for	  the	  contribution	  of	  atmospheric	  gases	  introduced	  by	  an	  autosampler.	  In-­‐
house	  standards	  are	  used	  as	  a	  quality	  control	  measure	  and	  can	  help	  to	  estimate	  the	  
measurement	  error	  of	  unknown	  samples.	  
2.4 APPLICATION OF δ13C AND C/N IN RELATIVE SEA-LEVEL RECONSTRUCTION 
The	  following	  examples	  illustrate	  uses	  of	  stable	  carbon	  isotope	  geochemistry	  in	  five	  
contrasting	  environments.	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2.4.1 Comparison of δ13C and C/N from modern and Holocene intertidal 
sediments to produce sea-level index points, Mersey Estuary, UK 
Sea-­‐level	  index	  points	  are	  often	  derived	  from	  dated	  contacts	  between	  terrestrial	  and	  
marine	  deposits,	  known	  as	  transgressive	  or	  regressive	  contacts.	  In	  the	  UK,	  this	  contact	  
represents	  the	  boundary	  between	  reed	  bed	  and	  salt	  marsh	  deposits,	  which	  occurs	  near	  
mean	  high	  water	  of	  spring	  tides	  (MHWST)	  (Shennan,	  1982).	  Microfossils	  are	  often	  used	  
to	  corroborate	  a	  gradual	  switch	  in	  depositional	  environment.	  
Wilson	  et	  al.	  (2005a,b)	  examined	  relations	  between	  plant	  and	  bulk	  sediment	  δ13C	  and	  
C/N	  values	  from	  samples	  collected	  along	  a	  transect	  extending	  through	  intertidal	  
environments	  in	  the	  Mersey	  Estuary,	  UK.	  They	  found	  the	  C3	  marsh	  vegetation	  and	  bulk	  
sediment	  C/N	  had	  little	  to	  no	  relationship	  to	  elevation	  with	  respect	  to	  the	  tidal	  frame.	  
However,	  bulk	  sediment	  δ13C	  values	  did	  show	  a	  relationship	  with	  elevation,	  which	  was	  
due	  to	  increased	  delivery	  of	  estuarine	  POC	  with	  decreasing	  marsh	  elevation	  (Wilson	  et	  
al.,	  2005a,b).	  Wilson	  et	  al.	  (2005a)	  compared	  the	  modern	  bulk	  sediment	  δ13C	  and	  C/N	  to	  
values	  from	  Holocene	  sub-­‐tidal	  (channel),	  inter-­‐tidal	  (reed	  swamp/salt	  marsh,	  salt	  
marsh,	  tidal	  flat)	  and	  supra-­‐tidal	  (oak-­‐hazel	  woodland,	  alder	  carr,	  poor	  fen)	  depositional	  
environments,	  which	  were	  independently	  characterized	  based	  on	  diatom,	  pollen	  and	  
grain-­‐size	  analyses.	  They	  found	  Holocene	  salt	  marsh	  δ13C	  was	  3.7	  ‰	  lower	  than	  modern	  
deposits,	  and	  early	  to	  mid	  Holocene	  salt	  marsh	  sediment	  C/N	  (13.3)	  was	  higher	  than	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modern	  salt	  marsh	  sediment	  C/N	  (10.6).	  The	  results	  show	  a	  pattern	  of	  decreasing	  δ13C	  
and	  increasing	  C/N	  in	  salt	  marsh/tidal	  flat	  sediment	  with	  age	  that	  is	  consistent	  with	  the	  
concentration	  of	  refractory	  organic	  compounds	  due	  to	  belowground	  decomposition	  of	  
organic	  matter.	  Decomposition	  such	  as	  this	  could	  complicate	  proper	  identification	  of	  
paleoenvironments	  in	  the	  absence	  of	  other	  indicators	  (Wilson	  et	  al.,	  2005a).	  In	  these	  
instances,	  application	  of	  molecular	  level	  techniques	  such	  as	  analytical	  pyrolysis-­‐GC/MS	  
or	  chemolysis-­‐GC/MS	  could	  be	  used	  to	  fully	  understand	  the	  extent	  of	  decay	  in	  selected	  
samples	  and	  thus	  refine	  the	  δ13C	  and	  C/N-­‐based	  interpretations	  (Lamb	  et	  al	  2007;	  Vane	  
et	  al.,	  2006).	  	  	  
Wilson	  et	  al.	  (2005b)	  highlighted	  the	  utility	  of	  δ13C	  and	  C/N	  values	  in	  constructing	  index	  
points	  from	  a	  regressive	  contact	  in	  a	  section	  of	  core	  from	  the	  Mersey	  Estuary	  dated	  to	  
~7430-­‐7250	  calibrated	  years	  BP	  (Fig	  2.5).	  The	  regressive	  contact,	  represented	  by	  a	  
change	  in	  lithology	  from	  silt	  with	  organic	  fragments	  to	  organic-­‐rich	  clay,	  was	  devoid	  of	  
diatoms	  up	  to	  0.5	  m	  below	  the	  contact.	  The	  δ13C	  and	  C/N	  data	  reveal	  a	  gradual	  
reduction	  in	  tidal-­‐derived	  POC	  and	  a	  greater	  contribution	  of	  organic	  carbon	  from	  C3	  
vascular	  vegetation	  across	  the	  contact,	  with	  a	  decrease	  in	  δ13C	  from	  -­‐24.9	  ‰	  to	  -­‐26.2	  ‰	  
and	  an	  increase	  in	  C/N	  from	  10.7	  to	  14.7.	  This	  change	  in	  the	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source	  of	  organic	  carbon	  is	  consistent	  with	  a	  gradual	  increase	  in	  wetland	  elevation	  due	  
to	  reduced	  marine	  influence	  or	  negative	  tendency	  in	  relative	  sea	  level.	  
2.4.2 The application of plant and sediment δ13C and C/N to reconstruct 
Late Holocene relative sea levels from US Atlantic coast salt marshes 
High-­‐resolution	  (i.e.,	  decimeter	  vertical	  and	  decadal	  temporal	  resolution)	  Late	  Holocene	  
RSL	  reconstructions	  are	  important	  for	  understanding	  the	  timing	  and	  magnitude	  of	  20th-­‐
century	  acceleration	  in	  the	  rate	  of	  sea-­‐level	  rise	  (Barlow	  et	  al.,	  2013),	  calibrating	  and	  
validating	  models	  that	  predict	  changes	  in	  sea	  level	  (Kemp	  et	  al.,	  2011b),	  and	  providing	  a	  
context	  for	  21st-­‐century	  predictions	  (e.g.,	  Bindoff	  et	  al.,	  2007;	  Rahmstorf,	  2007).	  	  
Kemp	  et	  al.	  (2010;	  2012b)	  defined	  the	  indicative	  meaning	  of	  δ13C	  and	  C/N	  values	  they	  
observed	  at	  sites	  along	  the	  North	  American	  Atlantic	  coast.	  In	  the	  Outer	  Banks	  of	  North	  
Carolina,	  low	  marsh	  environments	  are	  dominated	  by	  C4	  Spartina	  alterniflora,	  while	  the	  
high	  marsh	  is	  dominated	  by	  C3	  Juncus	  roemerianus.	  Kemp	  et	  al.	  (2010)	  found	  that	  δ13C	  
values	  were	  able	  to	  distinguish	  Spartina-­‐dominated	  low	  marsh	  from	  high	  marsh	  Juncus	  
zones,	  but	  the	  presence	  of	  C4	  vegetation	  (Distichlis	  spicata,	  Spartina	  cynusoroides,	  
Spartina	  patens)	  in	  the	  high	  marsh	  complicated	  the	  use	  of	  δ13C,	  and	  consequently	  
limited	  the	  precision	  of	  the	  technique.	  Furthermore,	  Juncus-­‐dominated	  high	  marsh	  
environments	  were	  indistinguishable	  from	  freshwater	  environments	  on	  the	  basis	  of	  δ13C	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alone,	  which	  is	  problematic	  for	  paleoenvironmental	  reconstructions.	  Like	  Wilson	  et	  al.	  
(2005a,b)	  observed,	  sediment	  C/N	  values	  converged	  to	  a	  uniform	  value	  across	  
environments	  and	  were	  of	  little	  use	  in	  discriminating	  between	  floral	  zones.	  	  
In	  contrast	  to	  the	  results	  from	  North	  Carolina,	  Kemp	  et	  al.	  (2012b)	  were	  able	  to	  define	  
precise	  indicative	  meanings	  for	  sediment	  δ13C	  values	  in	  combination	  with	  the	  
absence/presence	  of	  agglutinated	  foraminifera	  along	  the	  southern	  Atlantic	  coast	  of	  New	  
Jersey.	  	  While	  δ13C	  values	  were	  able	  to	  distinguish	  between	  elevation-­‐dependent	  
environmental	  zones,	  C/N	  values	  were	  uniform	  among	  these	  environments	  and	  were	  of	  
little	  use	  in	  distinguishing	  between	  environmental	  zones	  (Fig	  2.3).	  The	  high	  marsh	  zone	  
of	  New	  Jersey,	  unlike	  North	  Carolina,	  is	  dominated	  by	  C4	  Spartina	  patens	  and	  short-­‐form	  
Spartina	  alterniflora,	  with	  minimal	  occurrence	  of	  C3	  species.	  Indicative	  meaning	  was	  
defined	  for	  four	  paleo-­‐marsh	  environments:	  	  
i. A	  low	  marsh	  environment	  dominated	  by	  tall	  form	  Spartina	  alterniflora,	  
represented	  a	  vertical	  range	  from	  MTL	  to	  MHW	  with	  δ13C	  values	  between	  -­‐18.9	  
‰	  and	  -­‐22.0	  ‰;	  	  
ii. A	  high	  marsh	  environment	  dominated	  by	  Spartina	  patens	  and	  short	  form	  
Spartina	  alterniflora	  with	  the	  range	  of	  MHW	  to	  MHHW	  and	  δ13C	  less	  than	  -­‐18.9	  
‰;	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iii. A	  brackish	  environment	  with	  δ13C	  values	  less	  than	  -­‐22.0	  ‰	  containing	  
agglutinated	  foraminifera	  with	  an	  indicative	  range	  of	  MHHW	  to	  HAT,	  
representing	  the	  Phragmites	  australis-­‐dominated	  transition	  zone;	  	  
iv. A	  second	  brackish	  environment	  with	  δ13C	  values	  less	  than	  -­‐22.0	  ‰	  devoid	  of	  
foraminifera	  representing	  a	  Typha-­‐Iva	  fructescens	  transition	  zone	  and	  
interpreted	  as	  limiting	  points	  occurring	  above	  MHHW.	  	  
The	  vertical	  resolution	  of	  the	  paleomarsh	  elevation	  (PME)	  reconstruction	  using	  this	  
approach	  was	  approximately	  ±	  0.2-­‐0.5	  m	  or	  ~	  30-­‐90	  %	  of	  tidal	  range.	  	  
Kemp	  et	  al.	  (2013a)	  further	  refined	  the	  δ13C/foraminifera-­‐based	  indicative	  meaning	  
from	  the	  New	  Jersey	  dataset	  (above)	  using	  a	  multi-­‐proxy	  approach	  that	  combined	  a	  
foraminiferal	  transfer	  function	  and	  the	  bulk	  sediment	  δ13C	  values.	  The	  PME	  at	  which	  
samples	  formed	  was	  estimated	  in	  one	  of	  three	  ways:	  	  a)	  Samples	  with	  a	  δ13C	  value	  less	  
than	  -­‐22	  ‰	  reduced	  (trimmed)	  the	  transfer	  function	  PME	  estimate	  to	  retain	  only	  the	  
range	  above	  MHHW;	  b)	  Samples	  with	  a	  δ13C	  value	  greater	  than	  -­‐18.9	  ‰	  trimmed	  the	  
transfer	  function	  PME	  estimate	  to	  the	  range	  below	  MHHW;	  and	  c)	  Samples	  with	  
intermediate	  δ13C	  values	  (-­‐22.0	  ‰	  to	  -­‐18.9	  ‰)	  and/or	  transfer	  function	  estimates	  that	  
did	  not	  encompass	  MHHW	  retained	  the	  full	  PME	  range	  of	  the	  original	  transfer	  function.	  	  
These	  criteria	  were	  applied	  to	  two	  cores	  from	  Leeds	  Point	  (Fig	  3)	  and	  Cape	  May	  to	  
reconstruct	  PME	  with	  an	  average	  vertical	  uncertainty	  of	  ±	  0.12	  m,	  which	  reduced	  the	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δ13C	  (average	  ~	  ±	  0.3	  m)	  and	  foraminiferal	  transfer	  function-­‐based	  (average	  ~	  ±	  0.18	  m)	  
uncertainties	  by	  ~	  60	  %	  and	  ~	  30	  %,	  respectively.	  The	  resulting	  relative	  sea-­‐level	  record	  
spanned	  the	  last	  2500	  years	  and	  revealed	  four	  periods	  of	  positive	  and	  negative	  
departure	  from	  the	  background	  change.	  
2.4.3 Holocene sea-level reconstruction using macrofossil and sediment 
δ13C of basal peats in the Mississippi River Delta, USA 
Basal	  peats	  are	  peat	  units	  that	  lie	  on	  top	  of	  an	  incompressible	  surface.	  Sea-­‐level	  index	  
points	  derived	  from	  basal	  peat	  provide	  the	  significant	  advantage	  over	  intercalated	  index	  
points	  in	  that	  they	  are	  minimally	  affected	  by	  sediment	  compaction	  (Chapter	  6.3	  Cross	  
reference).	  	  
Tornqvist	  et	  al.	  (2004a)	  used	  the	  δ13C	  of	  radiocarbon-­‐dated	  samples	  from	  a	  series	  of	  
basal	  peats	  to	  establish	  sea-­‐level	  index	  points	  in	  the	  Lutcher-­‐Gramercy	  area	  on	  the	  
eastern	  margin	  of	  the	  Mississippi	  River	  Delta.	  Average	  surface	  sediment	  δ13C	  values	  of	  
saline	  (mean:	  –16.2‰,	  range:	  -­‐18.0‰	  to	  -­‐14.3‰),	  brackish	  (mean:	  –16.9‰,	  range:	  -­‐
20.1‰	  to	  -­‐15.1‰),	  intermediate	  (mean:	  –22.1‰,	  range:	  -­‐25.1‰	  to	  -­‐18.2‰),	  and	  
freshwater	  (mean:	  –27.8‰,	  range:	  -­‐29.4‰	  to	  -­‐25.4‰)	  environments	  on	  the	  Mississippi	  
River	  Delta,	  established	  by	  Chmura	  et	  al.	  (1987),	  were	  used	  to	  compare	  plant	  
macrofossils	  (mostly	  charcoal,	  determined	  to	  be	  primarily	  C4	  Spartina	  spp.)	  found	  in	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basal	  peat	  from	  the	  cores.	  Tornqvist	  et	  al.	  (2004a)	  used	  these	  δ13C	  values	  to	  provide	  
evidence	  that	  the	  basal	  peats	  accumulated	  under	  saline	  to	  intermediate	  conditions,	  
which	  would	  suggest	  that	  the	  peat	  formed	  between	  mean	  sea	  level	  and	  mean	  spring	  
high	  water.	  Based	  on	  the	  microtidal	  regime	  (tidal	  range	  <	  0.6	  m),	  sea-­‐level	  index	  points	  
were	  assigned	  an	  indicative	  range	  of	  0.3	  m,	  with	  additional	  error	  terms	  added	  for	  
leveling	  and	  depth	  measurements	  within	  cores	  for	  the	  final	  precision	  of	  ±	  0.29-­‐0.38	  m	  
(range	  in	  vertical	  error	  of	  index	  points).	  δ13C	  values	  of	  the	  radiocarbon-­‐dated	  basal	  peats	  
enabled	  the	  construction	  of	  ~30	  sea-­‐level	  index	  points	  that	  suggested	  a	  continuous,	  
gradual	  rise	  in	  RSL	  from	  8000-­‐3000	  cal	  a	  BP	  and	  informed	  the	  debate	  about	  the	  
occurrence	  of	  a	  Mid-­‐Holocene	  sea-­‐level	  highstand	  in	  the	  Gulf	  of	  Mexico.	  	  
Tornqvist	  et	  al.	  (2004b)	  and	  Gonzalez	  and	  Tornqvist	  (2009)	  used	  a	  similar	  δ13C-­‐based	  
approach	  to	  confirm	  marine	  influence	  on	  the	  formation	  of	  Early	  and	  Late	  Holocene	  basal	  
peats,	  respectively.	  Tornqvist	  et	  al.	  (2004b)	  used	  radiocarbon-­‐dates	  from	  basal	  peat	  
beds	  containing	  charcoal	  fragments	  with	  δ13C	  values	  of	  -­‐18.3	  ‰	  and	  -­‐13.0	  ‰	  
(suggesting	  deposition	  under	  saline	  to	  intermediate	  conditions)	  from	  Bayou	  Sale,	  an	  
abandoned	  distributary	  of	  the	  Mississippi	  River,	  to	  infer	  an	  abrupt	  rise	  in	  RSL	  of	  1.2	  m	  
concurrent	  with	  the	  8.2	  ka	  cooling	  event.	  Gonzalez	  and	  Tornqvist	  (2009)	  used	  basal	  
peats	  with	  δ13C	  values	  ranging	  from	  -­‐25.5	  ‰	  to	  -­‐18.5	  ‰	  (indicative	  of	  formation	  under	  
intermediate	  salinity)	  from	  coastal	  wetlands	  that	  fringe	  Vermillion	  Bay	  on	  the	  western	  
margin	  of	  the	  Mississippi	  Delta	  to	  produce	  a	  Late	  Holocene	  RSL	  record	  with	  0.27	  to	  0.29	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m	  vertical	  uncertainty.	  When	  compared	  to	  proxy	  climate	  records,	  the	  RSL	  record	  
suggests	  that	  regional	  sea	  level	  may	  have	  responded	  to	  hemispheric	  temperature	  
variation	  such	  as	  the	  Medieval	  Warm	  Period	  and	  Little	  Ice	  Age.	  
2.4.4 The application of sediment δ13C and C/N in the construction of sea-
level index points from isolation basins in northwest Scotland, UK 
Isolation	  basins,	  which	  are	  natural	  rock	  depressions	  that	  were	  connected	  to	  or	  isolated	  
from	  the	  sea	  during	  different	  stages	  of	  their	  history,	  contain	  important	  estimates	  of	  RSL	  
change	  along	  isostatically-­‐uplifted	  coasts	  (Lloyd,	  2000).	  Sea-­‐level	  index	  points	  can	  be	  
produced	  by	  dating	  the	  contact	  between	  terrestrial	  and	  marine	  deposits,	  which	  signifies	  
the	  timing	  of	  the	  isolation	  event.	  The	  height	  of	  the	  sill	  that	  separates	  the	  basin	  from	  the	  
sea	  corresponds	  to	  the	  height	  of	  former	  RSL	  during	  the	  isolation	  process.	  	  
Mackie	  et	  al.	  (2005;	  2007)	  compared	  δ13C	  and	  C/N-­‐based	  paleosalinity	  estimates	  to	  
previous	  foraminiferal	  and	  diatom	  analyses	  performed	  on	  cores	  collected	  from	  isolation	  
basins	  in	  northwest	  Scotland.	  Over	  Holocene	  timescales,	  the	  δ13C	  and	  C/N	  data	  was	  in	  
general	  agreement	  with	  the	  microfossil-­‐based	  paleosalinities	  that	  previous	  studies	  had	  
used	  to	  construct	  sea-­‐level	  index	  points	  (Lloyd,	  2000;	  Shennan	  et	  al.,	  2000).	  Mackie	  et	  
al.	  (2005;	  2007)	  indicate	  that	  the	  δ13C	  and	  C/N-­‐based	  approach	  can	  be	  used	  to	  identify	  
relative	  sea-­‐level	  change	  in	  northwest	  Scotland	  from	  isolation	  basins,	  although	  changes	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in	  water	  temperature	  and	  organic	  nutrient	  supply	  accompanying	  the	  final	  isolation	  
event,	  which	  in	  turn	  affected	  aquatic	  productivity	  and	  stratification	  within	  the	  basins,	  
caused	  δ13C	  and	  C/N	  values	  to	  vary	  in	  a	  manner	  inconsistent	  with	  a	  more	  simple	  model	  
of	  paleosalinity	  change,	  where	  δ13C	  values	  should	  increase	  and	  C/N	  values	  should	  
decrease	  with	  increasing	  salinity	  along	  the	  isolation	  boundary.	  Together	  with	  biological	  
(diatom,	  foraminifera)	  proxies,	  δ13C	  and	  C/N	  values	  were	  able	  to	  provide	  a	  clear	  
depiction	  of	  basin	  dynamics.	  In	  contrast,	  in	  Late	  Glacial	  and	  older	  aged	  sediments,	  
environmental	  variables	  independent	  from	  the	  isolation	  process	  such	  as	  atmospheric	  
CO2	  concentration,	  poor	  vegetation	  development	  and	  temperature	  were	  more	  
important	  influences	  on	  δ13C	  and	  C/N	  values. 
2.4.5 The use of δ13C and C/N to infer rapid seismic vertical motion along 
the Cascadia subduction zone, Oregon, USA 
Along	  tectonically	  active	  coastlines,	  archives	  of	  tidal	  wetland	  sediments	  record	  accounts	  
of	  rapid	  vertical	  displacements	  of	  the	  wetland	  surface	  during	  earthquake	  events.	  These	  
abrupt	  shifts	  in	  elevation	  are	  often	  visually	  evident	  in	  the	  lithostratigraphy.	  In	  areas	  that	  
experience	  coseismic	  subsidence,	  or	  a	  sudden	  drop	  in	  elevation	  coeval	  with	  a	  
subduction-­‐zone	  earthquake,	  organic-­‐rich	  upland	  soils	  or	  tidal	  marsh	  deposits	  are	  found	  
directly	  overlain	  by	  clastic	  tidal	  flat	  deposits.	  δ13C	  and	  C/N	  can	  be	  used	  to	  identify	  this	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switch	  in	  depositional	  environment	  when	  changes	  in	  the	  lithology	  are	  less	  distinct	  (e.g.,	  
Dura	  et	  al.,	  2011).	  	  
Microfossils	  are	  often	  used	  to	  quantify	  the	  magnitude	  of	  vertical	  land-­‐level	  change	  that	  
occurs	  during	  earthquakes.	  Along	  the	  Cascadia	  subduction	  zone	  of	  the	  North	  American	  
Pacific	  coast,	  Hawkes	  et	  al.	  (2011)	  used	  δ13C	  values	  to	  confirm	  that	  the	  absence	  of	  
foraminifera	  in	  the	  organic-­‐rich	  peat	  unit	  found	  below	  the	  tsunami	  sand	  from	  Great	  
Cascadia	  earthquake	  of	  1700	  AD	  in	  South	  Slough	  resulted	  from	  formation	  within	  a	  
freshwater	  environment	  above	  the	  tidal	  limit	  rather	  than	  from	  poor	  preservation	  of	  
foraminiferal	  tests.	  They	  inferred	  a	  minimum	  post-­‐seismic	  elevation	  of	  the	  unit	  directly	  
underlying	  the	  tsunami	  sand	  to	  estimate	  the	  minimum	  coseismic	  subsidence	  that	  
occurred	  during	  the	  AD	  1700	  event	  with	  a	  smaller	  (unidirectional)	  error	  than	  observed	  
at	  their	  other	  study	  sites.	  	  
Engelhart	  et	  al.	  (2013b)	  used	  foraminiferal	  assemblages	  to	  assess	  the	  utility	  of	  δ13C	  and	  
C/N	  values	  in	  paleoseismic	  studies	  of	  the	  Cascadia	  subduction	  zone.	  They	  applied	  cluster	  
analysis	  to	  modern	  salt-­‐marsh	  foraminiferal	  assemblages	  and	  δ13C	  and	  C/N	  values	  to	  
identify	  elevation-­‐dependent	  environments:	  a	  highest	  high	  marsh	  group	  characterized	  
by	  δ13C	  of	  -­‐29.3	  ±	  0.8	  ‰	  (mean	  ±	  1	  SD),	  a	  middle	  and	  high	  marsh	  group	  with	  δ13C	  values	  
of	  -­‐27.3	  ±	  1.4	  ‰,	  and	  a	  tidal	  flat	  and	  low	  marsh	  group	  with	  δ13C	  values	  of	  -­‐24.1	  ±	  1.7	  ‰.	  
This	  relationship	  was	  applied	  to	  a	  core	  containing	  the	  stratigraphic	  contact	  marking	  the	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1700	  AD	  earthquake	  to	  estimate	  coseismic	  subsidence	  along	  the	  contact	  and	  compared	  
this	  estimate	  to	  one	  obtained	  from	  foraminiferal	  assemblages	  using	  the	  same	  method.	  
The	  two	  techniques	  were	  in	  agreement,	  with	  estimates	  of	  coseismic	  subsidence	  of	  0.71	  
±	  0.56	  m	  and	  0.88	  ±	  0.39	  m	  for	  the	  foraminiferal	  and	  δ13C-­‐based	  methods,	  respectively	  
(Fig	  2.6).	  The	  study	  indicates	  that	  δ13C	  values	  may	  be	  able	  to	  accurately	  quantify	  
amounts	  of	  relative	  sea-­‐level	  change	  associated	  with	  coseismic	  subsidence,	  although	  it	  
is	  somewhat	  less	  precise	  than	  the	  foraminiferal-­‐based	  methods.	  In	  addition	  to	  direct	  
estimation	  of	  the	  magnitude	  of	  coseismic	  subsidence,	  δ13C	  and	  C/N	  values	  can	  be	  used	  
to	  detect	  sediment	  mixing	  along	  event	  contacts	  and	  indicate	  when	  corrections	  to	  
coseismic	  estimates	  should	  be	  applied	  (Engelhart	  et	  al.,	  2013b).	  
2.4.6 The use of δ13C and C/N to identify and provenance tsunami and 
storm deposits in sedimentary sequences 
Records	  of	  tsunamis	  developed	  from	  sedimentary	  deposits	  are	  important	  for	  improving	  
understanding	  of	  tsunami	  occurrence	  by	  expanding	  the	  chronological	  range	  of	  events	  to	  
study	  (Morton	  et	  al.,	  2007).	  The	  use	  of	  predecessor	  deposits	  to	  estimate	  the	  recurrence	  
interval	  of	  major	  tsunami	  events	  is	  an	  essential	  tool	  for	  hazard	  assessment	  and	  coastal	  
management	  (Engel	  and	  Brückner,	  2011).	  Tsunami	  deposits	  are	  often	  identified	  as	  
anomalous	  sand	  layers	  found	  in	  low-­‐energy	  coastal	  ponds,	  lakes,	  and	  marshes.	  In	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addition	  to	  lithological	  indices,	  microfossils	  are	  also	  used	  to	  confirm	  the	  presence	  of	  a	  
tsunami	  deposit	  and	  determine	  its	  provenance.	  	  
Pilarczyk	  et	  al.	  (2012)	  and	  Chague-­‐Goff	  et	  al.	  (2012)	  used	  δ13C	  and	  C/N,	  alongside	  a	  host	  
of	  other	  lithological,	  biological	  and	  chemical	  tsunami	  indicators,	  to	  infer	  provenance	  of	  
sands	  deposited	  during	  the	  2011	  Tōhoku-­‐oki	  tsunami	  on	  the	  Sendai	  coastal	  plain,	  Japan.	  
Sediment	  δ13C	  and	  TOC	  values	  shifted	  abruptly	  at	  the	  contact	  between	  rice	  field	  soil	  
(δ13C:	  –30.8‰,	  TOC	  up	  to	  6%)	  and	  the	  overlying	  tsunami	  unit	  (-­‐27.0‰	  <	  δ13C	  <	  -­‐24.8‰,	  
TOC:	  ~0.1%)	  and	  revealed	  a	  marine	  component	  to	  the	  source	  of	  the	  sand-­‐sheet,	  which	  
was	  corroborated	  by	  grain	  size	  and	  foraminiferal	  analyses	  (Pilarczyck	  et	  al.,	  2012)	  and	  
other	  geochemical	  markers	  of	  marine	  incursion	  (S,	  Cl,	  K,	  Ca,	  Sr,	  Rb	  concentrations	  and	  S	  
isotopes;	  Chague-­‐Goff	  et	  al,	  2012).	  
Paleotempestology,	  the	  study	  of	  past	  tropical	  cyclone	  activity	  from	  geological	  proxy	  and	  
historical	  records,	  provides	  the	  means	  to	  assess	  future	  risk	  and	  better	  understand	  the	  
relations	  among	  spatial	  and	  temporal	  variability	  in	  tropical	  cyclone	  activity	  and	  changes	  
in	  global	  climate	  (e.g.,	  Liu	  and	  Fearn,	  1993).	  Many	  of	  the	  techniques	  employed	  in	  
tsunami	  research	  are	  also	  used	  to	  identify	  tropical	  cyclone	  deposits,	  including	  the	  
recognition	  of	  anomalous	  sand	  layers	  (e.g.,	  Donnelly	  and	  Woodruff,	  2007)	  and	  
deposition	  of	  allochthonous	  microfossils	  in	  low-­‐energy	  environments	  (e.g.,	  Parsons,	  
1998).	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Lambert	  et	  al.	  (2008)	  used	  sediment	  δ13C,	  δ15N,	  and	  C/N	  values	  to	  reconstruct	  a	  
millennia-­‐long	  hurricane	  record	  from	  Lake	  Shelby,	  Alabama,	  a	  freshwater	  lake	  on	  the	  US	  
Gulf	  coast	  previously	  studied	  to	  derive	  an	  overwash	  sand-­‐layer	  based	  record	  of	  major	  
hurricanes	  (Liu	  and	  Fearn,	  1993).	  The	  δ13C,	  δ15N,	  and	  C/N	  proxies	  were	  able	  to	  delineate	  
two	  contrasting	  states	  of	  lake	  waters	  –	  an	  ‘isolated’	  state,	  where	  under	  calm	  conditions	  
the	  lake	  remains	  stratified	  in	  a	  low	  trophic	  state,	  and	  a	  ‘flooded’	  state,	  where	  during	  
storms,	  nutrient-­‐rich	  seawater	  entering	  the	  lake	  fertilizes	  its	  waters,	  increases	  light	  
availability	  and	  causes	  eutrophication	  spikes	  that	  result	  in	  positive	  excursions	  of	  
sediment	  δ13C	  of	  up	  to	  -­‐25	  ‰.	  A	  large	  positive	  shift	  in	  δ13C	  occurred	  concurrent	  with	  a	  
sand	  layer	  corresponding	  to	  an	  overwash	  event	  at	  1717	  AD,	  which	  provided	  validity	  to	  
the	  approach.	  Large	  shifts	  in	  δ13C	  values	  were	  observed	  independently	  of	  sand	  deposits	  
(causing	  disagreement	  with	  the	  original	  Liu	  and	  Fearn	  (1993)	  overwash	  record),	  which	  
indicate	  that	  11	  catastrophic	  hurricanes	  hit	  the	  Alabama	  coast	  over	  the	  past	  682	  years	  
with	  an	  approximate	  recurrence	  interval	  of	  one	  in	  62	  years.	  
2.5 SUMMARY 
The	  stable	  carbon	  isotope	  geochemistry	  of	  sedimentary	  organic	  matter	  can	  be	  used	  to	  
reconstruct	  relative	  sea-­‐level	  and	  paleoenvironmental	  change	  and	  has	  been	  shown	  to	  
be	  most	  powerful	  when	  used	  in	  combination	  with	  simple	  metrics	  of	  microfossil	  
assemblages	  (e.g.,	  absence/presence	  of	  salt	  marsh	  foraminifera)	  in	  a	  multi-­‐proxy	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approach	  (Kemp	  et	  al.,	  2012b;	  2013a).	  The	  success	  of	  the	  technique	  is	  likely	  to	  vary	  
regionally	  (e.g.,	  Kemp	  et	  al.	  2010;	  2012b),	  where	  the	  character	  of	  floral	  zones	  or	  delivery	  
of	  allochtonous	  organic	  matter	  sources	  is	  conducive	  to	  the	  δ13C	  and	  C/N-­‐based	  
approach.	  	  
The	  strengths	  of	  the	  δ13C	  and	  C/N-­‐based	  approach	  are	  that	  analysis	  is	  quick	  and	  
relatively	  cost-­‐effective.	  When	  sending	  in	  samples	  to	  accelerator	  mass	  spectrometer	  
(AMS)	  labs	  for	  14C	  analysis,	  clients	  are	  often	  given	  the	  option	  to	  complete	  δ13C	  analysis	  
at	  little	  to	  no	  additional	  cost,	  making	  it	  easy	  to	  obtain	  these	  data.	  Importantly,	  organic	  
matter	  is	  continuously	  preserved	  in	  coastal	  sedimentary	  sequences.	  δ13C	  and	  C/N	  values	  
can	  provide	  paleoenvironmental	  or	  relative	  sea-­‐level	  information	  when	  microfossils	  are	  
absent	  or	  poorly	  preserved.	  
The	  weakness	  of	  the	  approach	  lies	  in	  the	  fact	  that	  δ13C	  and	  C/N	  values	  are	  not	  solely	  a	  
reflection	  of	  in	  situ	  vegetation,	  and	  changes	  in	  bulk	  sediment	  δ13C	  and	  C/N	  may	  be	  
caused	  by	  changing	  sedimentation	  rate	  or	  source,	  rather	  than	  directly	  to	  factors	  related	  
to	  sea	  level	  (e.g.,	  inundation	  frequency,	  and	  thus	  wetland	  elevation).	  In	  addition,	  organic	  
matter	  degradation	  may	  alter	  modern	  δ13C	  and	  C/N	  values	  of	  plants	  and	  surface	  
sediments	  and	  complicate	  interpretations	  of	  δ13C	  and	  C/N	  values	  from	  Holocene	  
sediment	  cores.	  In	  particular,	  C/N	  values	  are	  sensitive	  to	  decay	  processes	  and	  in	  modern	  
intertidal	  settings	  tend	  to	  converge	  to	  values	  between	  10	  and	  20,	  making	  distinction	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between	  environmental	  zones	  difficult	  on	  that	  basis	  alone.	  To	  date,	  the	  accuracy	  of	  
δ13C-­‐based	  paleomarsh	  elevation	  reconstructions	  has	  been	  shown	  to	  be	  comparable	  to	  
that	  of	  foraminiferal-­‐based	  reconstructions	  on	  Late	  Holocene	  timescales,	  although	  
slightly	  less	  precise	  (Kemp	  et	  al.,	  2010,	  2012b;	  Engelhart	  et	  al.,	  2013b).	  The	  accuracy	  of	  
δ13C	  values	  may	  be	  compromised	  when	  applying	  them	  to	  the	  Early	  Holocene	  due	  to	  
post-­‐depositional	  changes	  of	  up	  to	  ~4	  ‰	  from	  modern	  values	  (Wilson	  et	  al.,	  2005).	  
Trade-­‐offs	  between	  the	  accuracy	  and	  precision	  of	  reconstructions	  and	  time	  of	  analysis	  
are	  an	  important	  consideration	  to	  this	  approach.	  
To	  continue	  to	  develop	  this	  technique,	  better	  understanding	  of	  the	  pathways	  of	  carbon	  
from	  plants/living	  organisms	  to	  buried	  sediments	  and	  the	  effect	  of	  these	  
transformations	  on	  δ13C	  and	  C/N	  values	  is	  needed.	  Advancement	  in	  other	  bulk	  organic	  
geochemical	  analyses	  such	  as	  Rock-­‐Eval	  pyrolysis	  may	  facilitate	  the	  distinction	  between	  
labile	  and	  residual	  organic	  matter	  (Carrie	  et	  al.,	  2012;	  Leng	  et	  al.,	  2013).	  In	  addition,	  
molecular	  level	  analytical	  techniques	  may	  provide	  insight	  into	  organic	  matter	  
transformations	  or	  enable	  use	  of	  organic	  compounds	  minimally	  affected	  by	  
decomposition	  processes	  (e.g.,	  lignin,	  tannins,	  suberins)	  (Vane	  et	  al.,	  2003;	  2006;	  2013a;	  
Beramendi-­‐Orasco	  et	  al.	  2006).
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CHAPTER 3. TRACKING SEDIMENTATION FROM THE HISTORIC A.D. 2011 
MISSISSIPPI RIVER FLOOD IN THE DELTAIC WETLANDS OF LOUISIANA, 
USA* 
ABSTRACT 
Management	  and	  restoration	  of	  the	  Mississippi	  River	  deltaic	  plain	  (southern	  United	  
States)	  and	  associated	  wetlands	  require	  a	  quantitative	  understanding	  of	  sediment	  
delivery	  during	  large	  flood	  events,	  past	  and	  present.	  Here,	  we	  investigate	  the	  
sedimentary	  fingerprint	  of	  the	  2011	  Mississippi	  River	  flood	  across	  the	  Louisiana	  coast	  
(Atchafalaya	  Delta,	  Terrebonne,	  Barataria,	  and	  Mississippi	  River	  Delta	  basins)	  to	  assess	  
spatial	  patterns	  of	  sedimentation	  and	  to	  identify	  key	  indicators	  of	  sediment	  provenance.	  
The	  sediment	  deposited	  in	  wetlands	  during	  the	  2011	  flood	  was	  distinguished	  from	  
earlier	  deposits	  based	  on	  biological	  characteristics,	  primarily	  absence	  of	  plant	  roots	  and	  
increased	  presence	  of	  centric	  (planktonic)	  diatoms	  indicative	  of	  riverine	  origin.	  By	  
comparison,	  the	  lithological	  (bulk	  density,	  organic	  matter	  content,	  and	  grain	  size)	  and	  
chemical	  (stable	  carbon	  isotopes	  of	  bulk	  organic	  matter)	  properties	  of	  flood	  sediments	  
were	  nearly	  identical	  to	  the	  underlying	  deposit.	  Flood	  sediment	  deposition	  was	  greatest	  
in	  wetlands	  near	  the	  Atchafalaya	  and	  Mississippi	  Rivers	  and	  accounted	  for	  a	  substantial	  
portion	  (37%	  to	  85%)	  of	  the	  annual	  accretion	  measured	  at	  nearby	  monitoring	  stations.	  
The	  amount	  of	  sediment	  delivered	  to	  those	  basins	  (1.1–1.6	  g	  cm−2)	  was	  comparable	  to	  
that	  reported	  previously	  for	  hurricane	  sedimentation	  along	  the	  Louisiana	  coast	  (0.8–2.1	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g	  cm−2).	  Our	  findings	  not	  only	  provide	  insight	  into	  how	  large-­‐scale	  river	  floods	  influence	  
wetland	  sedimentation,	  they	  lay	  the	  groundwork	  for	  identifying	  previous	  flood	  events	  in	  
the	  stratigraphic	  record.	  
*Published	  as:	  Khan,	  N.S.,	  Horton,	  B.P.,	  McKee,	  K.L.,	  Jerolmack,	  D.,	  Falcini,	  F.,	  Enach,	  
M.D.,	  and	  Vane,	  C.H.,	  2013,	  Tracking	  sedimentation	  from	  the	  historic	  A.D.	  2011	  
Mississippi	  River	  flood	  in	  the	  deltaic	  wetlands	  of	  Louisiana,	  USA,	  Geology,	  v.	  41,	  4,	  391-­‐
394.	  
3.1 INTRODUCTION 
The	  rapid	  disappearance	  of	  the	  Mississippi	  River	  Deltaic	  wetlands	  is	  in	  part	  a	  
consequence	  of	  hydrologic	  alteration	  (DeLaune	  et	  al.,	  1989;	  Reed,	  1992;	  Turner,	  1991),	  
which	  has	  resulted	  in	  decreased	  delivery	  of	  sediment	  and	  freshwater	  (Day	  et	  al.,	  2000;	  
Blum	  and	  Roberts,	  2009).	  Wetlands	  evade	  persistent	  inundation	  when	  increases	  in	  surface	  
elevation	  offset	  relative	  sea-­‐level	  rise	  (DeLaune	  et	  al.,	  1983;	  Day	  et	  al.,	  2000).	  Surface	  
elevation	  gains	  result	  from	  the	  accumulation	  of	  organic	  material	  from	  wetland	  
vegetation	  and	  mineral	  sediment	  deposition	  (Reed,	  1995;	  Cahoon,	  2006).	  While	  numerous	  
studies	  have	  examined	  the	  effect	  of	  hurricanes	  on	  wetland	  sedimentation	  (Turner	  et	  al.,	  
2006;	  McKee	  and	  Cherry,	  2009),	  less	  is	  known	  about	  the	  efficacy	  of	  rivers	  to	  deliver	  
sediment	  directly	  to	  these	  wetlands	  during	  high	  flow	  events.	  The	  2011	  Mississippi	  River	  
flood	  provided	  an	  opportunity	  to	  address	  this	  imbalance.	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Enhanced	  snowmelt	  and	  a	  series	  of	  storms	  in	  the	  spring	  of	  2011	  generated	  a	  record-­‐
breaking	  flood	  on	  the	  Mississippi	  River	  (National	  Weather	  Service,	  2011).	  To	  alleviate	  
stress	  on	  the	  river-­‐control	  system	  downstream,	  the	  Morganza	  Spillway	  was	  opened	  on	  
14	  May	  2011.	  As	  diverted	  waters	  surged	  down	  the	  Morganza	  floodway	  to	  connect	  with	  
and	  inundate	  the	  wetlands	  of	  the	  Atchafalaya	  floodplain	  (~23,000	  m3	  s-­‐1	  combined	  
maximum	  flow	  at	  Calumet	  and	  Morgan	  City),	  high	  flows	  (maximum	  of	  ~37,000	  m3	  s-­‐1	  at	  
Belle	  Chasse)	  were	  sustained	  within	  the	  main	  Mississippi	  channel	  from	  14	  to	  31	  May	  
2011	  (Louisiana	  Water	  Science	  Center,	  2012).	  Here,	  we	  report	  spatial	  variation	  in	  wetland	  
sediment	  accumulation	  across	  the	  Atchafalaya	  Delta	  (AD),	  Terrebonne	  (TB),	  Barataria	  
(BA)	  and	  Mississippi	  River	  (Birdsfoot)	  Delta	  (MRD)	  basins	  and	  provide	  the	  first	  estimate	  
of	  the	  volume	  of	  sediment	  delivered	  to	  deltaic	  wetlands	  during	  a	  historical	  flood	  event.	  	  
In	  addition,	  we	  reveal	  a	  ‘flood’	  indicator	  that	  may	  be	  used	  to	  identify	  similar	  events	  in	  
the	  stratigraphic	  record.	  
3.2 POST-FLOOD SURVEY 
In	  late	  June	  2011,	  we	  accessed	  45	  sites	  across	  wetlands	  in	  the	  four	  basins	  and	  retrieved	  
a	  total	  of	  225	  shallow	  sediment	  cores	  (5	  cores/site).	  At	  each	  site,	  the	  flood	  sediment	  
was	  visually	  distinguished	  from	  underlying	  sediment	  by	  its	  distinct	  color	  and	  texture	  (Fig.	  
3.1).	  The	  lack	  of	  live	  plant	  roots	  in	  this	  layer	  compared	  to	  underlying	  rooted	  strata	  
suggested	  that	  deposition	  occurred	  very	  recently	  (within	  1	  -­‐	  2	  months	  of	  sampling),	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which	  aligns	  with	  the	  time	  frame	  of	  the	  flood	  (GSA	  data	  repository).	  There	  were	  no	  
discernible	  differences	  in	  the	  lithological	  and	  chemical	  characteristics	  between	  flood	  
and	  underlying	  sediments	  across	  basins	  (Fig.	  3.2).	  The	  flood	  sediment	  contained	  clay	  to	  
coarse	  silt-­‐sized	  particles	  (median	  grain	  size:	  13.4	  ±	  1.6	  µm)	  with	  an	  organic	  matter	  
content	  of	  9.8	  ±	  1.1%	  and	  bulk	  density	  of	  0.6	  ±	  0.1	  g	  cm-­‐3.	  	  There	  were	  no	  systematic	  
differences	  among	  basins	  based	  on	  lithological	  characteristics.	  	  
3.3 FLOOD SEDIMENT CHARACTERISTICS 
3.3.1 Physical and Chemical Properties of Flood Sediments 
Flood	  sediment	  depth	  and	  accumulation	  varied	  significantly	  among	  basins,	  irrespective	  
of	  the	  sample	  site	  elevation	  (GSA	  data	  repository).	  The	  thickness	  of	  the	  flood	  sediment	  
layer	  varied	  from	  0.0	  to	  8.3	  cm,	  with	  a	  coast-­‐wide	  average	  of	  1.5	  cm.	  We	  calculated	  
average	  accumulation	  at	  each	  site	  using	  mean	  depth	  measurements	  of	  the	  flood	  
sediment	  and	  its	  bulk	  density.	  The	  greatest	  accumulation	  occurred	  in	  the	  AD	  basin	  (1.6	  ±	  
1.0	  g	  cm-­‐2),	  while	  an	  intermediate	  amount	  was	  observed	  in	  the	  MRD	  basin	  (1.1	  ±	  0.8	  g	  
cm-­‐2).	  Minor	  accumulation	  occurred	  in	  sites	  in	  the	  TB	  (0.4	  ±	  0.2	  g	  cm-­‐2)	  and	  BA	  (0.3	  ±	  0.2	  
g	  cm-­‐2)	  basins,	  which	  were	  negligibly	  impacted	  by	  the	  flood	  due	  to	  their	  remoteness	  to	  
river	  mouths	  (Fig.	  3.2).	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Figure	  3.1	  Recent	  sedimentation	  measured	  using	  a	  “mini-­‐McCaulay”	  corer	  during	  the	  wetlands	  survey.	  
Flood	  sediments	  (red	  bracket)	  were	  distinguished	  by	  an	  absence	  of	  live	  root	  ingrowth,	  an	  
unconsolidated	  consistency,	  and	  a	  different	  color	  compared	  to	  the	  underlying,	  pre-­‐flood	  sediments	  
(blue	  bracket).	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Figure	  3.2.	  Flood	  sediment	  accumulation	  and	  its	  physical,	  chemical,	  and	  biological	  characteristics.	  a.	  
Location	  of	  sampling	  points	  and	  the	  depth	  of	  flood	  sediment	  measured	  at	  each	  site.	  Coastal	  basins	  are	  
separated	  by	  black	  lines,	  and	  the	  area	  over	  which	  volume	  estimates	  were	  calculated	  in	  the	  Atchafalaya	  
Delta	  and	  Mississippi	  River	  Delta	  basins	  is	  shaded	  dark	  gray.	  b.	  Average	  accumulation	  (g	  cm-­‐2)	  measured	  at	  
each	  site.	  Flood	  (colored	  diamond)	  and	  pre-­‐flood	  (open	  triangle)	  of	  bulk	  density	  (c),	  organic	  matter	  
content	  (d),	  stable	  carbon	  isotopes	  (e),	  and	  centric:pennate	  (C:P)	  ratio	  of	  diatoms	  and	  its	  percent	  change	  
(from	  pre-­‐flood	  to	  flood)	  (f).	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However,	  δ13C	  of	  the	  AD	  and	  MRD	  (−27.0	  ±	  0.4	  ‰	  and	  −24.7	  ±	  0.5	  ‰,	  respectively)	  
differed	  significantly	  from	  that	  in	  the	  BA	  and	  TB	  (−18.6	  ±	  0.6	  ‰	  and	  −19.1	  ±	  0.5	  ‰,	  
respectively)	  basins.	  The	  δ13C	  of	  the	  AD	  and	  MRD	  basins	  are	  within	  the	  range	  of	  values	  
for	  a	  freshwater	  source	  (−25	  ‰	  <δ13C	  <	  −28	  ‰),	  which	  suggests	  a	  terrestrial	  provenance	  
for	  flood	  sediments;	  if	  sediments	  had	  a	  marine	  source,	  we	  would	  expect	  a	  shift	  in	  δ13C	  in	  
the	  AD	  and	  MRD	  toward	  values	  of	  marine	  particulate	  organic	  matter	  (−18	  ‰	  <	  δ13C	  <	  
−24	  ‰)	  (Lamb	  et	  al.,	  2006;	  Bianchi	  et	  al.,	  2011).	  	  The	  isotopic	  variations	  among	  basins	  are	  
also	  consistent	  with	  their	  dominant	  vegetation	  type;	  the	  AD	  and	  MRD	  sampling	  sites	  
primarily	  contained	  C3	  freshwater	  vegetation	  (−22.8	  ‰	  <δ13C	  <	  −30.5	  ‰),	  while	  the	  TB	  
and	  BA	  sites	  were	  dominated	  by	  C4	  Spartina	  alterniflora	  (−12.1	  ‰	  <δ13C	  <	  −13.6	  ‰)	  
(Chmura	  et	  al.,	  1987).	  
3.3.2 Biological Characteristics of Flood Sediments 
Flood	  diatom	  assemblages	  differed	  from	  those	  of	  pre-­‐flood	  sediment	  (GSA	  Data	  
repository)	  and	  provide	  insight	  into	  the	  mode	  of	  sediment	  deposition	  and	  its	  
provenance.	  Diatoms	  are	  unicellular	  algae	  encased	  in	  a	  silicic	  cell	  wall,	  which	  are	  found	  
in	  nearly	  every	  wet	  or	  aquatic	  environment	  (Round	  et	  al.,	  1990).	  Diatoms	  respond	  to	  a	  
number	  of	  environmental	  factors	  (Hustedt,	  1953)	  and	  have	  been	  used	  to	  infer	  long-­‐term	  
variations	  in	  water	  level	  and	  flooding	  in	  inland	  floodplain	  lakes	  and	  rivers	  (Engle	  and	  
Melack,	  1993;	  Van	  der	  Grinten	  et	  al.,	  2008),	  but	  have	  not	  been	  used	  to	  examine	  regional	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flood	  events.	  Flood	  diatom	  assemblages	  displayed	  a	  marked	  increase	  in	  the	  proportion	  
of	  centric	  (planktonic)	  taxa	  relative	  to	  pennate	  (benthic)	  forms	  (Fig	  3.2).	  The	  centric	  to	  
pennate	  ratio	  was	  greater	  in	  the	  AD	  and	  MRD	  basins	  (127%	  increase)	  compared	  to	  the	  
BA	  and	  TB	  basins	  (23%	  increase).	  Centric	  forms	  typically	  float	  freely	  within	  the	  water	  
column,	  while	  pennate	  forms,	  which	  live	  attached	  to	  vegetation	  and	  substrate,	  
dominate	  the	  wetland	  surface	  (Denys,	  1991/1992;	  Vos	  and	  Dewolf,	  1993).	  Greater	  
inundation	  and	  flow	  over	  the	  surface	  of	  deltaic	  wetlands	  caused	  by	  the	  2011	  flood	  
increased	  connectivity	  between	  the	  river	  and	  wetlands.	  The	  increased	  connection	  
produced	  a	  subsequent	  shift	  in	  diatom	  habitat	  that	  promoted	  the	  proliferation	  of	  
centric,	  riverine	  taxa	  (e.g.,	  Weilhoefer	  et	  al.,	  2008),	  which	  were	  increasingly	  incorporated	  
into	  flood	  sediment	  as	  it	  settled	  out	  of	  suspension.	  
There	  was	  also	  a	  shift	  in	  the	  benthic	  population	  of	  AD	  and	  MRD	  flood	  deposits.	  Nitzschia	  
spp.	  replaced	  Navicula	  spp.	  in	  dominance,	  which	  suggests	  a	  greater	  degree	  of	  turbidity	  
and	  suspended	  sediment	  in	  waters	  over	  the	  inundated	  wetland	  surface	  (Bahls,	  1993).	  
The	  appearance	  of	  the	  tychoplanktonic	  form	  Staurosira	  construens	  in	  flood	  sediments	  of	  
the	  MRD	  and	  its	  relative	  absence	  in	  those	  of	  the	  AD	  may	  reflect	  the	  comparatively	  high	  
flows	  sustained	  in	  the	  MRD	  during	  the	  flood	  (Stevenson,	  1983;	  Peterson,	  1986).	  Flood	  
assemblages	  shared	  a	  striking	  similarity	  to	  species	  composition	  of	  overbank	  deposits	  
from	  floods	  along	  the	  Red	  River	  (a	  tributary	  of	  the	  Atchafalaya	  River;	  Medioli	  and	  Brooks,	  
2003)	  and	  contained	  a	  high	  number	  of	  eutrophic	  freshwater	  to	  brackish	  diatom	  species	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(e.g.,	  Cyclostephanos	  invisitatus,	  Cyclotella	  cryptica	  and	  Cyclotella	  meneghiniana;	  Vos	  
and	  Dewolf,	  1993;	  Van	  Dam	  et	  al.,	  1994),	  supporting	  the	  inference	  from	  δ13C	  values	  of	  a	  
riverine	  provenance	  of	  sediments.	  
3.4 SIGNIFICANCE OF THE 2011 FLOOD 
We	  calculate	  the	  mean	  2011	  flood	  accumulation	  for	  all	  four	  basins	  to	  be	  0.9	  ±	  0.2	  g	  cm-­‐2,	  
which	  accounts	  for	  56%	  of	  annual	  accumulation	  recorded	  at	  Coastal	  Reference	  
Monitoring	  System	  (CRMS)	  sites	  located	  adjacent	  to	  our	  sampling	  points	  (data	  from	  
2007	  to	  present;	  Table	  3.1).	  Flood	  deposition	  in	  the	  AD	  (1.6	  ±	  1.0	  g	  cm-­‐2)	  accounted	  for	  
85%	  of	  annual	  accretion	  recorded	  at	  the	  monitoring	  sites,	  yet	  only	  44%	  in	  the	  MRD	  (1.1	  
±	  1.0	  g	  cm-­‐2).	  Consistent	  with	  spatial	  patterns	  of	  	  deposition,	  the	  TB	  (0.4	  ±	  0.2	  g	  cm-­‐2)	  
and	  BA	  (0.3	  ±	  0.2	  g	  cm-­‐2)	  basins	  showed	  less	  contribution	  to	  annual	  accretion	  during	  the	  
same	  time	  period	  (37%	  in	  both	  basins).	  The	  Mississippi	  River	  channel	  received	  over	  five	  
times	  greater	  volume	  of	  floodwater	  than	  the	  Atchafalaya	  (U.S.	  Army	  Core	  of	  Engineers,	  
2011),	  although	  less	  sedimentation	  occurred	  in	  the	  MRD	  wetlands.	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Table	  3.1.	  Comparison	  of	  flood	  sedimentation	  measurements	  to	  annual	  accretion	  rates	  and	  hurricane	  
sedimentation	  estimates	  
	  
	  	  	  	  *Mean	  accumulation	  was	  determined	  by	  multiplying	  the	  depth	  of	  sediment	  layer	  by	  its	  bulk	  density,	  ±	  
represents	  1	  standard	  error	  of	  the	  mean.	  	  	  	  
	  	  	  	  	  	  †Coastal	  Reference	  Monitoring	  Sites.	  
	  	  §Basin	  sediment	  volumes	  calculated	  using	  hurricane	  sediment	  depth	  and	  bulk	  density	  measurements	  
from	  Turner	  et	  al.,	  2006	  and	  2004	  land	  cover	  estimates	  (Couvillion	  et	  al.,	  2011);	  the	  coast-­‐wide	  volume	  
was	  calculated	  by	  Turner	  et	  al.,	  2006	  for	  hurricane	  accumulation	  in	  all	  basins	  of	  the	  Louisiana	  Chenier	  
and	  Deltaic	  plains.	  
	  
	  
	  
	  
Basin	  
Mean	  accumulation	  (g	  cm-­‐2)*	   Volume	  (106	  metric	  tons)	  
Flood	  
(this	  study)	  
Annual	  
(CRMS	  sites)†	  
Hurricane	  
(Turner	  et	  al.,	  2006)	  
Flood	  
(this	  study)	  
Hurricane	  
(Turner	  et	  al.,	  2006)§	  
Atchafalaya	   1.6	  ±	  1.0	   1.7	  ±	  0.4	   No	  data	   9.3	  ±	  2.5	   No	  data	  
Barataria	   0.3	  ±	  0.2	   0.9	  ±	  0.5	   2.1	  ±	  0.7	   Not	  applicable	   48.1	  
Birdsfoot	   1.1	  ±	  0.8	   2.5	  ±	  0.8	   No	  data	   3.7	  ±	  1.9	   No	  data	  
Terrebonne	   0.4	  ±	  0.2	   1.1	  ±	  0.4	   0.8	  ±	  0.7	   Not	  applicable	   22.1	  
Coast-­‐wide	   0.9	  ±	  0.2	   0.1	  ±	  0.1	   2.2	  ±	  0.3	   13.0	  ±	  4.4	   131	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Falcini	  et	  al.	  (2012)	  suggest	  the	  relatively	  low	  sedimentation	  in	  the	  MRD	  may	  be	  due	  to	  
hydrodynamic	  characteristics	  of	  the	  sediment	  plume	  produced	  by	  the	  Mississippi	  River,	  
where	  the	  focused,	  jet-­‐like	  plume	  delivered	  sediments	  far	  into	  the	  Gulf	  of	  Mexico.	  
Greater	  accretion	  in	  the	  AD	  may	  be	  due	  to	  overbank	  flow	  caused	  by	  the	  opening	  of	  
flood	  diversions	  and	  plume-­‐derived	  sedimentation	  from	  the	  mouth	  of	  the	  Atchafalaya	  
River,	  which	  was	  characterized	  by	  a	  wide,	  diffuse	  plume	  that	  inundated	  a	  greater	  area	  of	  
wetland	  and	  was	  contained	  within	  coastal	  currents	  (Falcini	  et	  al.,	  2012).	  
A	  comparison	  of	  our	  data	  with	  hurricane-­‐induced	  sedimentation	  estimates	  provides	  
further	  insight	  into	  the	  relative	  importance	  of	  the	  2011	  flood	  event.	  	  Following	  the	  2005	  
landfall	  of	  hurricanes	  Katrina	  and	  Rita,	  Turner	  et	  al.	  (2006)	  reported	  a	  mean	  accumulation	  
of	  2.2	  g	  cm-­‐2	  in	  the	  Chenier	  and	  Deltaic	  Plains	  for	  the	  two	  events	  combined.	  Turner	  et	  al.	  
(2006)	  estimated	  that	  these	  hurricanes	  delivered	  131	  ×	  106	  MT	  of	  sediment	  to	  the	  
Louisiana	  coast,	  a	  value	  5.5	  times	  greater	  than	  their	  estimate	  of	  annual	  inputs	  of	  river	  
sediment	  by	  overbank	  flooding	  and	  crevassing	  (pre-­‐levee	  construction)	  of	  6.6	  ×	  106	  MT.	  
Törnqvist	  et	  al.	  (2007)	  calculated	  that	  annual	  delivery	  of	  sediment	  to	  the	  Wax	  Lake	  Delta	  
alone	  is	  4.3–5.8	  ×	  106	  MT	  yr-­‐1	  and	  emphasized	  that	  the	  hurricane	  sedimentation	  
estimates	  were	  exaggerated	  because	  the	  widespread	  erosion	  resulting	  from	  the	  
hurricanes	  (Barras,	  2007)	  was	  not	  considered.	  To	  compare	  these	  estimates	  with	  the	  total	  
volume	  of	  sediment	  deposited	  in	  deltaic	  wetlands	  during	  the	  2011	  flood,	  we	  multiplied	  
the	  average	  basin	  accumulation	  by	  2010	  land	  cover	  assessments	  of	  593.9	  and	  357.5	  km2	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in	  AD	  and	  MRD	  (Couvillion	  et	  al.,	  2011).	  The	  95%	  Confidence	  Intervals	  calculated	  for	  the	  
AD	  and	  MRD	  basins	  were	  2.8–14.7	  ×	  106	  and	  0.6–7.2	  ×	  106	  MT,	  respectively,	  with	  
negligible	  volumes	  for	  the	  TB	  and	  BA	  basins	  (Table	  1).	  We	  note	  that	  such	  calculations	  
may	  over-­‐	  or	  underestimate	  the	  landscape-­‐level	  deposition	  volume	  due	  to	  uncertainties	  
in	  local	  spatial	  variation	  and	  habitat	  differences	  influencing	  sediment	  trapping	  (see	  GSA	  
data	  repository	  for	  details).	  	  Flood	  sediments	  also	  may	  be	  reworked	  after	  deposition	  
(e.g.,	  Williams,	  2011),	  or	  conversely,	  sediment	  deposited	  in	  near	  shore	  environments	  
during	  a	  flood	  may	  be	  transported	  onshore	  to	  wetlands	  from	  tidal	  action	  or	  storms.	  
However,	  the	  potential	  for	  preservation	  should	  be	  greater	  in	  the	  sedimentary	  record	  of	  
subsiding	  coastlines	  (Dura	  et	  al.,	  2011),	  such	  as	  Mississippi	  River	  Deltaic	  plain.	  The	  
ultimate	  influence	  of	  the	  2011	  flood	  on	  vertical	  land	  building	  will	  be	  determined	  by	  rates	  
of	  accretion	  in	  relation	  to	  subsidence	  occurring	  in	  each	  basin.	  Long-­‐term	  observations	  
are	  necessary	  to	  fully	  evaluate	  the	  overall	  role	  of	  this	  and	  other	  large-­‐scale	  floods	  in	  
wetland	  maintenance,	  either	  by	  long-­‐term	  monitoring	  of	  CRMS	  sites	  sampled	  during	  the	  
flood	  or	  by	  identification	  of	  past	  events	  in	  the	  stratigraphic	  record.	  
3.5 CONCLUDING REMARKS 
The	  2011	  Mississippi	  River	  flood	  carried	  large	  quantities	  of	  sediment	  to	  the	  declining	  
wetlands	  of	  Louisiana	  in	  amounts	  that	  are	  significant	  in	  comparison	  to	  long-­‐term	  
accretion	  rates	  and	  estimates	  of	  hurricane	  deposition.	  Our	  results	  show	  how	  riverine	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sources	  bring	  considerable	  amounts	  of	  sediment	  to	  wetlands	  on	  river	  deltas	  during	  large	  
floods,	  yet	  are	  ineffective	  at	  delivering	  sediment	  to	  areas	  far	  removed	  from	  river	  
channels.	  Given	  the	  high	  current	  velocities	  required	  to	  entrain	  consolidated	  mud	  of	  the	  
composition	  observed	  (>	  1	  m/s;	  Raudkivi,	  1998),	  it	  is	  unlikely	  that	  wetland	  deposits	  were	  
eroded	  from	  elsewhere	  on	  the	  Delta. Hurricanes	  rework	  river-­‐derived	  sediment	  onto	  
wetlands,	  while	  the	  flood	  deposition	  we	  report	  is	  a	  net	  addition	  of	  sediment	  rather	  than	  
a	  redistribution. 
This	  study	  describes	  a	  unique	  set	  of	  characteristics	  of	  flood	  sediments	  to	  identify	  former	  
pulses	  of	  inorganic	  sediment	  found	  in	  deltaic	  wetland	  stratigraphy:	  1)	  diatom	  
assemblages	  that	  increase	  in	  centric	  taxa	  and	  Nitzschia	  species,	  both	  of	  which	  are	  
related	  to	  greater	  inundation	  or	  flow	  over	  the	  wetland	  surface;	  2)	  indication	  of	  a	  
freshwater/riverine	  provenance	  of	  sediment	  supported	  by	  salinity	  preference	  of	  
diatoms	  and	  carbon	  isotopic	  composition;	  and	  3)	  little	  change	  in	  lithological	  
characteristics	  compared	  to	  pre-­‐flood	  sediment.	  These	  three	  characteristics	  differ	  from	  
those	  produced	  by	  storm	  surges.	  Hurricane	  deposits	  along	  the	  Gulf	  Coast	  have	  been	  
characterized	  predominantly	  by	  their	  coarse	  grain	  size	  and	  a	  marine	  component	  to	  their	  
provenance	  (Parsons,	  1998;	  Williams,	  2009;	  Hawkes	  and	  Horton,	  2012).	  The	  flood	  signature	  
we	  describe	  may	  aid	  in	  future	  investigations	  of	  the	  relative	  contributions	  of	  floods	  and	  
hurricanes	  to	  delta	  dynamics.	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3.6 SUPPLEMENTARY MATERIALS 
3.6.1 Site Selection and Sampling 
Aerial	  photography	  and	  maps	  were	  used	  to	  pre-­‐select	  potential	  sampling	  sites	  in	  four	  
basins	  (Atchafalaya	  Delta	  (AD),	  Terrebonne	  (TB),	  Barataria,	  (BA)	  and	  Mississippi	  River	  
“Birdsfoot”	  Delta	  (MRD))	  of	  Louisiana’s	  deltaic	  plain.	  	  Most	  sites	  were	  selected	  because	  
of	  their	  close	  proximity	  to	  long-­‐term	  monitoring	  stations	  (Coastwide	  Referencing	  
Monitoring	  System	  (CRMS))	  maintained	  by	  the	  State	  of	  Louisiana’s	  Office	  of	  Coastal	  
Protection	  and	  Restoration	  (http://lacoast.gov/crms_viewer/).	  Potential	  sampling	  sites	  
were	  aligned	  with	  CRMS	  stations	  to	  connect	  our	  sedimentation	  measurements	  with	  
long-­‐term	  accretion	  data	  –	  the	  CRMS	  network	  is	  the	  only	  monitoring	  network	  with	  
extensive	  coastal	  coverage	  and	  long-­‐term	  accretion	  data.	  Additional	  potential	  sites	  were	  
selected	  in	  the	  AD	  and	  MRD	  basins	  to	  provide	  more	  extensive	  coverage	  in	  those	  key	  
areas.	  	  
Forty-­‐five	  of	  the	  potential	  sites	  were	  randomly	  selected	  for	  sampling	  and	  visited	  a	  single	  
time	  over	  a	  4-­‐day	  period	  during	  the	  summer	  of	  2011.	  Sites	  were	  accessed	  on	  June	  21,	  
22,	  23	  (Eastern	  TB,	  BA,	  and	  MRD)	  and	  27	  (ARD	  and	  western	  TB)	  using	  a	  Bell	  2063B	  Jet	  
Ranger	  helicopter	  with	  fixed	  floats	  to	  allow	  marsh	  landings.	  Sampling	  sites	  were	  
positioned	  at	  a	  consistent	  distance	  from	  waterways	  (~5	  m)	  to	  enable	  direct	  comparisons	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in	  sedimentation among	  the	  four	  basins	  and	  assess	  basin-­‐scale	  spatial	  variation	  in	  
sediment	  deposition	  (Fig	  DR1).	  	  
At	  each	  site,	  the	  soil	  surface	  was	  identified,	  and	  4	  soil	  cores	  were	  collected	  with	  a	  piston	  
corer	  (2	  cm	  diameter	  x	  15	  cm	  length),	  which	  minimizes	  vertical	  compression.	  To	  ensure	  
compression	  did	  not	  affect	  the	  depth	  measurements	  obtained	  from	  the	  piston	  corer,	  a	  
fifth	  core	  was	  collected	  with	  a	  “mini-­‐McCauley”	  corer,	  which	  cuts	  a	  half-­‐section	  of	  a	  soil	  
core	  in	  a	  horizontal	  plane	  against	  a	  stationary	  blade.	  The	  soil	  surface	  at	  all	  sampling	  sites	  
was	  vegetated,	  although	  the	  small	  diameter	  of	  the	  corers	  enabled	  sampling	  between	  
plant	  stems.	  Replicate	  cores	  were	  collected	  to	  account	  for	  local	  variability	  in	  sediment	  
deposition	  that	  may	  have	  resulted	  due	  to	  variations	  in	  stem	  density	  of	  marsh	  vegetation	  
and	  to	  assess	  within	  site	  sampling	  error.	  	  
Where	  present,	  the	  visually	  obvious	  layer	  of	  flood	  sediment	  was	  readily	  distinguishable	  
as	  a	  recent	  deposit	  due	  to	  the	  lack	  of	  plant	  root	  ingrowth	  and	  its	  unconsolidated	  
consistency.	  Flood	  sediment	  and	  the	  underlying	  pre-­‐flood	  sediment	  layers	  differed	  in	  
color	  and	  texture,	  and	  there	  was	  often	  a	  natural	  break	  in	  the	  sediment	  core	  at	  the	  
boundary	  between	  the	  flood	  and	  pre-­‐flood	  sediment	  layers.	  We	  acknowledge	  that	  we	  
cannot	  identify	  the	  exact	  time	  of	  deposition	  of	  the	  recent	  sedimentation	  measured.	  
Some	  of	  the	  surface	  sediment	  may	  have	  been	  deposited	  before	  the	  flood	  (2011	  was	  a	  
high	  discharge	  year,	  even	  before	  the	  flood),	  or	  conversely,	  plant	  roots	  may	  have	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colonized	  sediments	  deposited	  during	  the	  initial	  stages	  of	  the	  flood,	  leading	  to	  an	  
underestimation	  of	  flood	  sedimentation.	  Considering	  that	  all	  sites	  sampled	  in	  the	  flood	  
survey	  were	  heavily	  vegetated	  and	  the	  flood	  occurred	  during	  the	  height	  of	  the	  growing	  
season,	  it	  would	  be	  expected	  that	  root	  growth	  into	  a	  new	  sediment	  layer	  would	  occur	  
rapidly.	  	  Numerous	  studies	  documenting	  the	  fast	  rate	  of	  marsh	  recolonization	  and	  root	  
productivity	  (Redfield,	  1972;	  Hartman,	  1988;	  Blum	  and	  Christian,	  2004;	  Liu	  and	  Yu,	  2009;	  
McKee	  and	  Cherry,	  2009;	  Mayence	  and	  Hester,	  2011)	  lead	  to	  the	  logical	  assumption	  that	  
sampled	  sediment	  lacking	  ingrown	  roots	  was	  deposited	  very	  recently	  (<	  2	  mo). 
There	  was	  no	  systematic	  variation	  in	  depth	  measurements	  between	  the	  piston	  and	  mini-­‐
McCauley	  corer,	  so	  the	  depth	  of	  the	  flood	  sediment	  layer	  from	  all	  five	  cores	  was	  
averaged	  to	  provide	  a	  mean	  value	  for	  each	  sampling	  site.	  The	  four	  piston	  cores	  were	  
divided	  at	  the	  boundary	  between	  the	  flood	  and	  pre-­‐flood	  sediment	  and	  carefully	  bagged	  
separately	  for	  further	  analysis.	  When	  no	  obvious	  flood	  sediment	  layer	  was	  present	  (or	  
minimal),	  the	  upper	  2	  cm	  was	  sampled	  for	  comparison	  with	  the	  underlying	  sediment.	  
Additionally,	  surface	  and	  pore	  water	  samples	  were	  collected	  at	  each	  site	  with	  a	  sipper	  
device	  and	  measured	  for	  salinity	  in	  the	  field	  with	  a	  refractometer	  (Table	  DR1).	  The	  
dominant	  vegetation	  at	  each	  site	  was	  also	  identified	  to	  species	  and	  recorded	  (Table	  
DR2).	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3.6.2 Laboratory analyses 
Sediment	  samples	  were	  analyzed	  for	  lithological	  (bulk	  density,	  organic	  matter	  content,	  
grain	  size	  distribution),	  chemical	  (stable	  carbon	  isotopes	  of	  bulk	  sedimentary	  organic	  
matter),	  and	  biological	  (diatoms)	  characteristics	  (Table	  DR1,	  DR3,	  DR4;	  Fig	  DR5,	  DR6).	  
Half	  of	  the	  sediment	  samples	  (n	  =	  2	  cores	  x	  2	  depths	  per	  site)	  were	  weighed	  wet,	  dried	  
in	  an	  oven	  at	  60	  °C	  to	  constant	  mass,	  and	  reweighed.	  	  The	  standard	  method	  of	  
(Noorany,	  1984)	  was	  used	  to	  calculate	  dry	  bulk	  density	  as	  the	  mass	  of	  dry	  soil	  divided	  by	  
the	  volume	  of	  the	  sample	  and	  corrected	  for	  salinity.	  Percent	  organic	  matter	  content	  was	  
determined	  by	  ashing	  in	  a	  muffle	  furnace	  at	  550	  °C	  for	  6	  h	  (Loss	  on	  Ignition	  (LOI)).	  The	  
remaining	  soil	  samples	  were	  used	  for	  determination	  of	  grain	  size	  distribution,	  diatom	  
identification	  and	  analysis	  of	  bulk	  organic	  carbon	  isotope	  chemistry	  (δ13C).	  Grain	  size	  
distribution	  was	  measured	  on	  samples	  pretreated	  with	  20%	  H2O2	  (to	  remove	  organic	  
material)	  using	  a	  LS320	  Beckman	  Coulter	  laser	  particle	  size	  analyzer	  (Allen	  and	  Thornley,	  
2004;	  Hawkes	  et	  al.,	  2007).	  Sediment	  sorting	  was	  calculated	  by:	  (d90-­‐d10)/d50,	  where	  dn	  is	  
the	  nth	  percentile	  of	  the	  cumulative	  distribution	  function.	  	  
Carbon	  isotope	  samples	  were	  acidified	  with	  1M	  hydrochloric	  acid	  and	  left	  for	  10	  h	  to	  
allow	  inorganic	  carbon	  to	  be	  liberated	  as	  CO2.	  The	  samples	  were	  neutralized	  by	  
repetitive	  washing	  with	  distilled	  water	  and	  were	  subsequently	  oven	  dried	  at	  60	  °C	  prior	  
to	  δ13C	  analysis.	  13C/12C	  analyses	  were	  performed	  on	  powdered	  samples	  by	  combustion	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in	  a	  Europa	  Scientific	  elemental	  analyzer	  coupled	  on-­‐line	  to	  a	  Europa	  Scientific	  20-­‐
20	  isotope	  ratio	  mass	  spectrometer	  (IRMS),	  which	  was	  set	  to	  simultaneously	  measure	  
isotopomers	  of	  CO2	  at	  m/z	  44,	  45,	  and	  46.	  The	  reference	  material	  used	  during	  δ13C	  
analysis	  was	  IA-­‐R001	  (wheat	  flour,	  δ13CV-­‐PDB	  =	  -­‐26.43	  ‰).	  For	  quality	  control	  purposes	  
check	  samples	  of	  IA-­‐R001,	  IA-­‐R005	  (beet	  sugar,	  δ13CV-­‐PDB	  =	  -­‐26.03	  ‰)	  and	  IA-­‐R006	  (cane	  
sugar,	  δ13CV-­‐PDB	  =	  -­‐11.64	  ‰)	  were	  analyzed	  during	  batch	  analysis	  of	  the	  samples.	  IA-­‐
R001,	  IA-­‐R005	  and	  IA-­‐R006	  are	  calibrated	  against	  and	  traceable	  to	  IAEA-­‐CH-­‐6	  
(sucrose,	  δ13CV-­‐PDB	  =	  -­‐10.43	  ‰).	  IAEA-­‐CH-­‐6	  is	  an	  inter-­‐laboratory	  comparison	  standard	  
distributed	  by	  the	  International	  Atomic	  Energy	  Agency	  (IAEA),	  Vienna.	  
A	  subset	  of	  samples	  (n	  =	  6	  sites	  x	  2	  depths	  per	  basin)	  with	  a	  distinct	  flood	  deposit	  was	  
targeted	  for	  diatom	  analysis.	  Cores	  were	  subsampled	  uniformly	  along	  a	  vertical	  plane,	  
and	  samples	  were	  prepared	  following	  Academy	  of	  Natural	  Sciences,	  Philadelphia	  
standard	  (Charles	  et	  al.,	  2002).	  Organic	  matter	  was	  removed	  from	  samples	  by	  treatment	  
with	  70%	  nitric	  acid	  and	  digestion	  in	  a	  microwave	  apparatus.	  Each	  digested	  sample	  was	  
dripped	  on	  a	  cover	  slip	  at	  appropriate	  concentrations	  for	  its	  mineral	  sediment	  density,	  
dried	  overnight,	  and	  mounted	  on	  a	  slide	  using	  the	  high	  refractive	  index	  medium	  
NaphraxTM.	  100	  diatom	  frustules	  were	  counted	  and	  classified	  as	  either	  centric	  or	  
pennate	  on	  the	  basis	  of	  their	  morphology.	  To	  confirm	  habitat	  preferences	  of	  the	  
observed	  centric/pennate	  diatoms	  and	  provide	  a	  qualitative	  description	  of	  flood	  diatom	  
assemblages,	  one	  site	  from	  each	  basin	  (n	  =	  2	  depths	  x	  4	  sites)	  was	  selected	  for	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taxonomic	  identification	  to	  species	  level,	  and	  100	  diatom	  valves	  were	  identified	  using	  
published	  diatom	  references	  (Krammer	  and	  Lange-­‐Bertalot,	  1991;	  Lange-­‐Bertalot,	  2002;	  
Witkowski	  et	  al.,	  2000).	  All	  diatom	  counts	  were	  performed	  under	  1000x	  magnification.	  
3.6.3 Sediment Volume Calculations 
The	  total	  volume	  of	  sediment	  deposited	  in	  the	  AD	  and	  MRD	  basins	  was	  calculated	  by	  
multiplying	  the	  average	  basin	  accumulation	  by	  the	  most	  recent	  2010	  land	  cover	  
estimates,	  determined	  from	  careful	  imagery	  analysis	  by	  Couvillion	  et	  al.	  (2011)	  (Table	  1).	  
Volume	  calculations	  did	  not	  include	  estimates	  for	  the	  TB	  and	  BA	  basins	  because	  the	  
flood	  minimally	  affected	  these	  areas	  and	  coverage	  of	  sampling	  points	  was	  insufficient	  to	  
extrapolate	  to	  the	  rest	  of	  the	  basin	  areas.	  Based	  on	  the	  presence	  of	  sediment-­‐laden	  
coastal	  waters	  surrounding	  the	  entire	  MRD	  as	  seen	  in	  MODIS	  satellite	  images	  during	  the	  
flood	  (where	  the	  presence	  of	  persistent	  sediment	  plumes	  corresponds	  well	  to	  locations	  
with	  greater	  observed	  deposition;	  Fig	  DR2),	  measured	  sedimentation	  rates	  from	  the	  
western	  portion	  of	  the	  MRD	  were	  extrapolated	  to	  the	  entire	  basin.	  We	  recognize,	  
however,	  that	  this	  assumption	  may	  over-­‐	  or	  underestimate	  the	  true	  value	  in	  the	  MRD.	  
Following	  Turner	  et	  al.	  (2006),	  in	  cases	  where	  the	  depth	  of	  the	  flood	  sediment	  was	  less	  
than	  0.5	  cm,	  a	  zero	  value	  was	  used	  for	  site	  accumulation	  in	  calculations	  of	  mean	  basin	  
accumulation.	  This	  conservative	  approach	  was	  adopted	  to	  enable	  comparisons	  with	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their	  estimates	  of	  hurricane-­‐induced	  sedimentation	  and	  account	  for	  uncertainties	  with	  
the	  sampling	  method.	  	  
We	  acknowledge	  that	  the	  reported	  volumes	  are	  basic	  estimates	  that	  may	  over-­‐	  or	  
underestimate	  the	  total	  deposition	  volume.	  To	  obtain	  more	  accurate	  values	  would	  
require	  detailed	  sampling	  on	  a	  finer	  scale	  to	  account	  for	  spatial	  variations	  in	  factors	  that	  
affect	  sediment	  deposition,	  such	  as	  vegetation	  type	  and	  density,	  distance	  to	  source,	  
barriers	  to	  surface	  flows,	  and	  post-­‐depositional	  reworking	  and	  erosion	  by	  waves	  or	  
tides.	  We	  demonstrate,	  however,	  that	  our	  sampling	  points	  do	  account	  for	  variations	  in	  
elevation.	  By	  plotting	  our	  sampling	  points	  on	  a	  digital	  elevation	  model	  for	  southern	  
Louisiana	  (Love	  et	  al.,	  2010),	  we	  find	  that	  our	  sites	  cover	  a	  range	  in	  elevation,	  and	  
further,	  that	  sediment	  deposition	  does	  not	  correlate	  with	  sample	  elevation	  (Fig	  DR3).	  
3.6.4 Statistical Analyses 
Marsh	  sediment	  data	  were	  analyzed	  using	  JMP	  (Version	  9.0.0,	  SAS	  2010).	  Flood	  
sediment	  depth	  and	  mass	  accumulation	  were	  analyzed	  with	  a	  one-­‐way	  ANOVA	  using	  
“basin”	  as	  the	  grouping	  factor	  (Table	  DR5).	  	  Median	  grain	  size,	  sorting,	  bulk	  density,	  
percent	  organic	  matter,	  carbon	  isotope	  composition	  and	  centric:pennate	  diatom	  ratio	  
data	  were	  analyzed	  with	  a	  repeated	  measures	  ANOVA	  using	  basin	  as	  the	  grouping	  factor	  
and	  depth	  (flood,	  pre-­‐flood)	  as	  the	  repeated	  measure	  (Table	  DR6).	  Data	  were	  log-­‐
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transformed	  where	  necessary	  to	  meet	  assumptions	  of	  ANOVA	  (equal	  variance,	  
normality).	  In	  a	  few	  cases,	  data	  outliers	  were	  identified	  (Mahalanobis	  distance)	  and	  
excluded	  from	  analysis.	  	  When	  a	  significant	  effect	  was	  found,	  differences	  among	  
multiple	  means	  were	  identified	  with	  Tukey’s	  HSD.	  	  
Porewater	  salinity	  and	  sediment	  depth	  and	  accumulation	  varied	  significantly	  across	  
basins	  (Table	  DR5).	  Sediment	  characteristic	  data	  were	  analyzed	  with	  and	  without	  sites	  
with	  no	  visually	  identifiable	  flood	  deposit	  (sediment	  depth	  <	  0.5	  cm)	  excluded.	  There	  
were	  significant	  differences	  across	  basins	  in	  carbon	  isotope	  values	  regardless	  of	  whether	  
sites	  were	  excluded	  (see	  main	  text	  for	  further	  discussion).	  When	  those	  cores	  lacking	  a	  
distinct	  flood	  layer	  were	  not	  excluded,	  there	  were	  no	  differences	  across	  basins	  in	  the	  
remaining	  characteristics,	  whereas	  when	  only	  samples	  with	  a	  distinct	  flood	  layer	  were	  
examined,	  there	  were	  significant	  differences	  in	  organic	  matter	  content	  and	  median	  
grain	  size	  (Table	  DR6).	  There	  were	  significant	  depth	  variations	  in	  bulk	  density,	  organic	  
matter	  content	  and	  centric:pennate	  ratio.	  Pre-­‐flood	  sediments	  had	  a	  higher	  bulk	  density	  
and	  lower	  organic	  matter	  content	  than	  the	  deposits	  above.	  Because	  this	  depth	  variation	  
was	  observed	  in	  all	  basins	  and	  is	  consistent	  with	  processes	  associated	  with	  shallow	  
compaction	  and	  organic	  matter	  stabilization	  in	  the	  marsh	  subsurface,	  it	  is	  likely	  not	  a	  
lasting	  distinguishing	  feature	  of	  flood	  sediments.	  Only	  the	  centric:pennate	  ratio	  
exhibited	  a	  significant	  basin	  x	  depth	  interaction,	  where	  there	  was	  a	  greater	  increase	  in	  
centric:pennate	  ratio	  in	  AD	  and	  MRD	  sediments	  compared	  to	  the	  intervening	  TB	  and	  BA	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basins,	  which	  supports	  the	  contention	  that	  the	  observed	  increase	  in	  centric	  diatoms	  was	  
due	  to	  factor(s)	  related	  to	  the	  flood	  (i.e.,	  increased	  connectivity	  with	  the	  river	  and	  
inundation	  over	  the	  marsh	  surface).	  
We	  performed	  factor	  analysis	  to	  simplify	  the	  dataset	  because	  a	  number	  of	  the	  variables	  
were	  correlated	  (Fig	  DR4).	  Analysis	  was	  performed	  on	  the	  lithological	  and	  chemical	  
characteristics	  of	  sites	  with	  an	  obvious	  flood	  sediment	  deposit	  (>	  0.5	  cm	  depth,	  n	  =	  29	  
sites).	  We	  extracted	  two	  factors	  with	  eigenvalues	  greater	  than	  1	  that	  accounted	  for	  74%	  
of	  the	  variance	  in	  the	  data.	  The	  first	  factor	  was	  interpreted	  as	  a	  grain	  size/organic	  
matter	  content	  factor	  with	  high	  positive	  loadings	  of	  loss	  on	  ignition	  (LOI)	  and	  total	  
organic	  carbon	  and	  high	  negative	  loadings	  of	  bulk	  density	  and	  median	  grain	  size.	  The	  
second	  factor	  was	  interpreted	  as	  a	  salinity	  factor	  with	  high	  positive	  loadings	  of	  
porewater	  salinity	  and	  stable	  carbon	  isotope	  values.	  Overall,	  grainsize/organic	  matter	  
and	  salinity	  were	  low	  in	  the	  AD	  and	  MRD	  basins	  and	  high	  in	  the	  BA	  and	  TB	  basins;	  
however,	  when	  factor	  scores	  were	  analyzed	  using	  a	  one-­‐way	  ANOVA,	  there	  were	  no	  
significant	  differences	  among	  basins	  identified	  for	  Factor	  1,	  but	  there	  were	  significant	  
differences	  identified	  among	  the	  AD,	  MRD,	  and	  BA	  and	  TB	  basins	  in	  Factor	  2	  (Fig	  DR4).	  
Factor	  scores	  were	  also	  analyzed	  with	  a	  repeated	  measures	  ANOVA,	  and	  for	  both	  
factors,	  there	  were	  no	  significant	  basin	  x	  depth	  interactions	  (Fig	  DR4).	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We	  performed	  detrended	  canonical	  correspondence	  analysis	  (DCCA)	  using	  the	  
Multivariate	  Statistics	  Package	  (MVSP,	  Kovach	  Computing	  Service,	  Anglesey,	  Wales)	  on	  
the	  species	  occurring	  at	  greater	  than	  2%	  abundance	  in	  flood	  and	  pre-­‐flood	  sediment	  
samples	  from	  a	  site	  in	  each	  basin	  to	  clarify	  the	  relationship	  between	  diatom	  
assemblages	  and	  environmental	  variables	  (Birks,	  1995;	  Fig	  DR6).	  Axis	  1	  represents	  a	  
gradient	  across	  organic	  matter	  content	  (LOI)	  and	  porewater	  salinity,	  while	  Axis	  2	  reflects	  
a	  gradient	  in	  grain	  size	  based	  on	  the	  sand,	  silt,	  and	  clay	  content	  of	  samples.	  The	  position	  
of	  species	  on	  the	  DCCA	  biplot	  is	  corroborated	  by	  habitat	  preferences	  denoted	  in	  the	  
literature	  (Vos	  and	  de	  Wolf,	  1993;	  van	  Dam	  et	  al.,	  1994).	  Greatest	  differences	  in	  species	  
assemblage	  occur	  between	  sites,	  which	  mostly	  appears	  to	  be	  driven	  by	  salinity.	  The	  
flood	  sediment	  of	  the	  AD	  and	  MRD	  basins	  show	  the	  greatest	  similarity	  to	  one	  another,	  
yet	  the	  largest	  relative	  dissimilarity	  between	  flood	  and	  pre-­‐flood	  sediments	  in	  all	  sites.	  
Species	  that	  plot	  near	  the	  flood	  sediments	  of	  the	  AD	  and	  MRD	  also	  show	  the	  greatest	  
increase	  in	  abundance	  from	  pre-­‐flood	  to	  flood	  sediment	  and	  help	  to	  define	  distinct	  flood	  
taxa.	  While	  there	  are	  a	  number	  of	  other	  factors	  that	  could	  explain	  the	  observed	  shift	  in	  
diatom	  assemblages,	  such	  as	  seasonal	  effects	  (Kulkarni	  et	  al.,	  2005)	  or	  eutrophication	  
(Cooper	  et	  al.,	  1995),	  the	  highlighted	  changes	  in	  species	  composition	  occurred	  only	  in	  
flood-­‐affected	  basins.	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Table DR2. Dominant vegetation recorded at each sampling site. Vegetation codes, species 
names, photosynthetic pathway (C3 vs. C4) and group (dicot vs. monocot) are listed to the right. 
  Dominant 
Co-dominant or 
sub-dominant 
 
   
Basin 
Site 
# 1 2 3 
Vegetation 
Code Name 
Photosynthetic 
Pathway Group 
A
tc
ha
fa
la
ya
 D
el
ta
 
57 PAHE VILU  ALPH Alternathera philoxeroides C3 Dicot 
58 COES ALPH PHAU AVGE Avicennia germinans C3 Dicot 
59 ZIZ ALPH COES COES Colocasia esculenta C3 Monocot 
60 PAHE COES  CYP Cyperus sp. C4 Monocot 
61 SCCAL CYP TYPHA DISP Distichlis spicata C4 Monocot 
62 ALPH SALA COES Elsp Eleocharis sp. C3 Monocot 
63 COES ALPH LUPE JURO Juncus roemerianus C3 Monocot 
64 ZIZ SANI  LUPE Ludwigia peploides C3 Dicot 
65 ALPH SALAT ZIZ PAHE Panicum hemitomon C3 Monocot 
66 PAHE VILU SCCA PHAU Phragmites australis C3 Monocot 
67 ALPH COES ZIZ POLYGsp Polygonum sp. C3 Dicot 
81 POLYGsp ZIZ VILU SALA Sagittaria lancifolia C3 Dicot 
82 ALPH ZIZ SALAT SALAT Sagittaria latifolia C3 Dicot 
83 ALPH SANI PHAU SANI Salix nigra C3 Dicot 
84 SANI sandbar along river SCCAL Schoenoplectus californicus C3 Monocot 
     SCRO Schoenoplectus robustus C3 Monocot 
Te
rr
eb
on
ne
 
35 SPAL AVGE  SPAL Spartina alterniflora C4 Monocot 
36 SPAL AVGE  SPPA Spartina patens C4 Monocot 
37 SPAL AVGE  TYPHA Typha sp. C3 Monocot 
38 SPAL AVGE  VILU Vigna luteola C3 Dicot 
41 SPAL   ZIZ Zizaniopsis milliacea C3 Monocot 
45 SPAL       
54 SPPA SCAM      
55 SPAL JURO SCRO     
56 SALA VILU      
72 SPPA SPAL JURO     
73 SPAL AVGE      
75 SPAL DISP      
77 SPAL JURO      
78 SPAL       
         
B
ar
at
ar
ia
 
1 SPAL AVGE      
2 SPAL JURO AVGE     
3 SPAL AVGE      
4 SPAL       
5 DISP SPAL      
6 SPAL JURO      
8 SPAL JURO      
30 SPAL JURO      
         
M
is
si
ss
ip
pi
 R
iv
er
 D
el
ta
 10 VILU PHAU COES     
11 SALA PHAU COES     
13 SALA SPPA PHAU     
14 SALA PHAU Elsp     
15 PHAU LUPE VILU     
16 TYPHA LUPE ZIZ     
17 SPAL PHAU      
18 SALA PHAU      
20 PHAU TYPHA      
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Table DR3. Ratio of centric:pennate diatoms in flood and pre-flood 
sediments (n = 6 sites per basin) and the percent change in 
centric:pennate ratio from pre-flood to flood sediments. 
  Centric:Pennate ratio Depth change in 
Centric:Pennate 
ratio (%) *Basin Site # Flood Pre-flood 
AD 59 0.85 0.34 152.3 
AD 62 0.67 0.13 416.7 
AD 65 0.27 0.22 22.8 
AD 67 1.08 0.54 98.5 
AD 81 0.83 0.32 158.7 
AD 82 0.59 0.52 15.4 
BA 1 0.37 0.32 16.8 
BA 2 0.52 0.40 31.0 
BA 4 0.26 0.40 -34.9 
BA 5 0.96 1.10 -13.0 
BA 8 6.14 6.33 -3.0 
BA 30 0.22 0.20 11.7 
MRD 11 0.59 0.19 208.3 
MRD 15 2.35 0.58 302.5 
MRD 16 1.33 0.63 111.5 
MRD 17 1.86 1.00 85.7 
MRD 18 0.22 0.20 11.2 
MRD 20 1.83 1.23 48.6 
TB 36 0.33 0.38 -13.1 
TB 38 0.86 0.65 33.0 
TB 45 1.13 1.55 -26.8 
TB 55 3.63 1.15 215.5 
TB 72 0.36 0.36 -0.9 
TB 78 0.28 0.18 50.7 
*AD =Atchafalaya Delta; BA = Barataria; MRD = Mississippi River 
Delta; TB = Terrebonne
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Table DR4. Diatom counts (# of valves) to species level in flood and pre-flood sediment from sites in each basin. !
Species 
Site 38 
(TB)* 
Site 1 
(BA)* 
Site 17 
(MRD)* 
Site 62 
(AD)* 
Total Flood Pre-flood Flood Pre-flood Flood Pre-flood Flood Pre-flood 
Achnanthes cf. hauckianum 0 0 2 3 0 0 0 0 5 
Achnanthes sp. 1 0 0 1 0 0 0 0 0 1 
Achnanthes sp. 2 0 2 0 0 0 0 0 0 2 
Achnanthes sp. 3 0 2 0 0 0 0 0 0 2 
Achnanthidium minutissima 4 0 0 0 0 0 0 2 6 
Actinocyclus normanii fo. subsalsus 0 4 0 2 2 0 5 3 16 
Actinoptychus senarius 1 0 0 0 0 0 0 0 1 
Amphora delicatissima 0 0 15 7 0 0 0 0 22 
Amphora holsatica 7 0 1 0 0 0 0 0 8 
Amphora pediculus 0 0 0 0 0 0 0 2 2 
Amphora spp. 1 2 6 6 0 2 0 2 19 
Aulacoseira alpigena 0 0 0 0 2 0 0 0 2 
Aulacoseira ambigua 0 0 0 0 5 2 0 1 8 
Aulacoseira granulata 0 0 0 0 0 1 0 0 1 
Aulacoseira granulata var. angustissima 0 0 0 0 1 0 2 0 3 
Aulacoseira subborealis 0 0 0 0 7 9 2 0 18 
Bacillaria paradoxa 0 0 0 0 0 1 4 2 7 
Bidulphia sp. 1 0 0 4 0 0 0 0 0 4 
Cocconeis neodiminuta 1 0 0 9 0 0 0 0 10 
Cocconeis placentula var. euglypta 0 0 2 1 0 0 0 2 5 
Cocconeis scutellum var. parva 0 0 2 2 0 0 0 0 4 
Cocconeis sp. 1 0 0 0 1 0 0 0 0 1 
Cosmioneis sp. 1 0 0 0 2 0 0 0 0 2 
Craticula spp. 2 2 2 0 0 0 0 0 6 
Cyclostephanos invisitatus 0 0 0 0 2 1 3 0 6 
Cyclostephanos spp. 2 2 0 0 0 4 1 0 9 
Cyclostephanos tholiformis 0 0 0 0 1 6 1 0 8 
Cyclotella atomus 3 10 3 4 6 8 3 0 37 
Cyclotella cryptica 0 0 0 0 3 0 2 0 5 
Cyclotella hakansonniae 3 0 2 0 0 0 0 0 5 
Cyclotella littoralis 0 2 0 0 0 0 0 0 2 
Cyclotella meneghiniana 0 1 0 0 13 0 5 1 20 
Cyclotella michiginiana 0 0 3 0 0 0 0 0 3 
Cyclotella sp. 1 0 2 2 1 0 0 0 0 5 
Cyclotella spp. 0 0 0 0 0 0 1 0 1 
Cymatosira belgica 0 5 0 0 0 0 0 0 5 
Denticula neritica 0 0 0 0 2 0 0 0 2 
Diadesmis contenta 0 0 0 0 0 0 2 0 2 
Diatoma moniliformis 0 0 0 0 0 4 0 0 4 
Diatoma vulgaris 0 0 0 0 0 2 0 0 2 
Diploneis parma 1 0 4 1 0 0 0 0 6 
Discostella woltereckii 0 0 0 0 0 2 0 0 2 
Eunotogramma laevis 2 0 0 1 0 0 0 0 3 
Fallacia cf. pulchella 0 2 0 0 0 0 0 0 2 
Fallacia cf. tenera 0 0 0 2 0 0 0 0 2 
Fallacia forcipata 0 0 4 2 0 0 0 0 6 
Fallacia pygmaea 0 0 0 0 0 0 0 17 17 !
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Table DR4. (cont.)          
 
Species 
Site 38 
(TB)* 
Site 1 
(BA)* 
Site 17 
(MRD)* 
Site 62 
(AD)* 
Total Flood Pre-flood Flood Pre-flood Flood Pre-flood Flood Pre-flood 
Fallacia tenera 0 6 0 0 0 0 0 0 6 
Fragilaria crotonensis 0 0 0 0 4 0 0 0 4 
Fragilaria nitzschioides 0 0 2 0 0 0 0 0 2 
Fragilaria punctiformis 3 0 0 0 0 0 0 0 3 
Fragilaria sp. 1 0 0 2 0 0 0 0 0 2 
Geissleria schoenfeldii 2 0 0 0 0 0 0 0 2 
Gomphonema angustutum 0 2 0 0 0 0 0 0 2 
Gomphonema parvulum 0 0 0 0 0 0 0 2 2 
Gyrosigma peisonis 2 4 0 0 0 0 0 2 8 
Hippodonta capitata 0 0 0 0 0 0 2 0 2 
Melosira sp. 1 0 0 0 2 0 0 0 0 2 
Navicula atomus 0 0 2 3 0 0 0 0 5 
Navicula bremensis 6 10 0 3 0 0 0 0 19 
Navicula capitellata 0 0 0 0 0 0 2 0 2 
Navicula cf. erifuga 4 0 0 0 0 0 0 0 4 
Navicula cf. flanatica 0 0 0 2 0 0 0 0 2 
Navicula cf. platyventris 2 2 6 2 0 0 0 0 12 
Navicula cf. submuralis 0 0 2 0 0 0 0 0 2 
Navicula cryptocephala 0 0 2 0 0 0 0 0 2 
Navicula erifuga 0 0 0 0 2 0 16 25 43 
Navicula gregaria 4 4 0 0 4 2 2 4 20 
Navicula incertata 3 0 0 0 0 0 0 0 3 
Navicula indiferens 0 0 1 0 0 0 0 0 1 
Navicula microdigitoradiata 2 0 0 0 0 2 0 0 4 
Navicula minima 2 0 0 0 0 0 0 2 4 
Navicula perminuta 2 0 9 7 2 8 0 2 30 
Navicula phylleptosoma 0 2 0 0 0 2 0 0 4 
Navicula rostellata 0 0 0 0 0 0 1 7 8 
Navicula salinarum 0 0 0 0 0 8 0 0 8 
Navicula salinicola 2 0 2 2 2 0 0 3 11 
Navicula shadei 0 0 0 0 0 0 2 0 2 
Navicula sp. 1 0 0 6 4 0 0 0 0 10 
Navicula sp. 2 0 0 2 0 0 0 0 0 2 
Navicula sp. 3 2 4 0 0 3 6 0 0 15 
Navicula sp. 4 4 0 0 4 0 0 0 0 8 
Navicula sp. 5 2 0 0 0 0 0 0 0 2 
Navicula sp. 6 0 0 0 4 0 0 0 0 4 
Navicula sp. 8 4 8 0 2 0 0 0 0 14 
Navicula sp. 10 2 0 0 0 0 0 0 0 2 
Navicula sp. 11 0 2 0 0 0 0 0 0 2 
Navicula spp. 0 4 0 0 2 0 0 0 6 
Navicula sublucidula 0 0 4 2 0 0 2 2 10 
Navicula vitabunda 0 0 0 0 0 0 2 0 2 
Nitzschia angustatula 0 0 0 0 0 0 2 0 2 
Nitzschia archibaldii 1 0 0 0 4 0 4 2 11 
Nitzschia brevissima 0 0 0 0 7 0 0 0 7 
Nitzschia clausii 0 0 0 0 0 0 0 2 2 
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Table DR4. (cont.)          
 
Species 
Site 38 
(TB)* 
Site 1 
(BA)* 
Site 17 
(MRD)* 
Site 62 
(AD)* 
Total Flood Pre-flood Flood Pre-flood Flood Pre-flood Flood Pre-flood 
Nitzschia communis 2 0 0 0 0 0 0 0 2 
Nitzschia compressa 2 0 1 0 0 0 0 0 3 
Nitzschia debilis 0 0 0 0 8 4 0 0 12 
Nitzschia dissipata 2 0 4 2 2 0 0 0 10 
Nitzschia dissipata var. media 0 0 0 0 2 0 0 0 2 
Nitzschia fonticula 0 0 0 0 0 0 2 0 2 
Nitzschia frustulum 4 0 0 4 0 0 0 0 8 
Nitzschia granulata 1 0 0 0 0 0 0 0 1 
Nitzschia inconspicua 0 0 0 0 0 0 2 2 4 
Nitzschia levidensis 0 0 0 2 0 0 0 0 2 
Nitzschia liebetruthii 6 2 4 6 0 2 2 0 22 
Nitzschia linearis 0 0 0 0 0 2 0 0 2 
Nitzschia littoralis 2 0 0 0 0 0 0 0 2 
Nitzschia microcephala 0 0 0 0 0 2 2 0 4 
Nitzschia palea 0 6 0 0 2 2 10 2 22 
Nitzschia panduriformis var. delicatula 0 1 4 2 0 0 0 0 7 
Nitzschia parvula 2 0 0 0 0 0 0 0 2 
Nitzschia pellucida 0 0 0 0 0 2 0 0 2 
Nitzschia rosenstockii 2 0 0 0 0 2 2 4 10 
Nitzschia sigma 0 0 0 0 0 5 2 0 7 
Nitzschia sp. 1 0 0 0 0 0 1 0 0 1 
Nitzschia tubicola 0 0 0 0 0 2 0 0 2 
Placoneis sp. 1 0 0 0 0 0 0 0 2 2 
Planothidium delicatulum 1 0 0 9 0 0 0 0 10 
Rhopalodia sp. 1 1 0 0 0 0 0 0 0 1 
Sellaphora mutata 0 0 0 0 0 0 0 4 4 
Staurosira construens 0 0 0 0 12 0 0 0 12 
Staurosira construens var. venter 4 4 8 4 0 4 2 4 30 
Stephanodiscus agassizensis 0 0 0 0 0 3 2 1 6 
Stephanodiscus hantzschii 0 0 0 0 1 1 0 0 2 
Stephanodiscus minutalus 0 1 0 0 4 1 2 1 9 
Stephanodiscus spp. 0 0 0 0 4 0 0 0 4 
Surirella brebissonii 0 0 0 0 0 0 2 0 2 
Surirella sp. 1 0 0 0 0 0 0 1 0 1 
Thalassiosira exigua 1 0 0 0 0 0 0 0 1 
Thalassiosira proschkinae 0 0 6 0 0 0 0 0 6 
Tryblionella apiculata 0 0 0 0 0 2 2 0 4 
Unknown Centric 1 0 0 0 0 0 0 0 1 
          
Total: 107 106 127 111 109 105 101 107 873 
          
Shannon-Weiner Diversity Index 3.61 3.15 3.33 3.35 3.08 3.27 3.30 2.87  
% Abundance of dominant diatom 6.54 9.43 11.81 8.11 11.93 8.57 15.84 23.36  
Total number of taxa 43 29 35 35 28 33 36 29 135 
Total number of genera 18 15 14 14 10 12 14 17 40 
#Siltation Index 60.75 51.89 41.73 49.55 36.70 50.48 61.39 76.64  
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Table DR5. Summary of statistical analyses of marsh sedimentation data. 
One-way Analysis of Variance (ANOVA) with basin as the grouping 
factor was used to analyze porewater salinity, flood sediment depth and 
accumulation (depth x bulk density). Significant differences among 
means for the main effect of basin (Tukey’s Honestly Significant 
Difference) are indicated by different letters.  
  Basin n Marsh Type 
Porewater 
Salinity 
(‰) 
s.e. 
Sediment 
Depth 
(cm) 
s.e. 
Sediment 
Accumulation 
(g cm-2) 
s.e. 
 AD 14 Freshwater <1a <1 2.6a 0.7 1.61a 0.48 
 BA 8 Saline 23b 3 0.8ab 0.2 0.32ab 0.10 
 MRD 9 Freshwater <1a <1 1.4ab 0.3 1.14ab 0.39 
 TB 14 Saline 21b 3 0.7b 0.2 0.41b 0.08 
 Overall    
 Mean 45  10.7 1.9 1.5 0.3 0.91 0.19 
                
Probability > F  <0.0001  0.0194  0.017  ! *AD =Atchafalaya Delta; BA = Barataria; MRD = Mississippi River Delta;  
TB = Terrebonne!
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Figure	  DR4.	  Factor	  analysis	  of	  physical	  and	  chemical	  characteristics.	  a)	  Factor	  loading	  of	  environmental	  
and	  sediment	  characteristics.	  b)	  Correlations	  of	  environmental	  and	  sediment	  characteristics	  with	  factors.	  
c)	  Summary	  of	  Analysis	  of	  Variance	  (ANOVA)	  results	  for	  factors	  derived	  from	  characteristics	  (in	  a,	  c)	  across	  
basins.	  Mean	  and	  standard	  error	  (s.e.)	  are	  listed	  for	  each	  basin,	  and	  probability	  >	  F	  is	  listed	  for	  each	  
source	  of	  variation	  (p<0.05).	  See	  Statistical	  Analyses	  and	  Table	  DR6	  for	  details	  of	  ANOVA	  analysis.	  	  d)	  
Mean	  of	  factor	  scores	  for	  flood	  and	  pre-­‐flood	  sediment	  from	  each	  basin.	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Figure	  DR6.	  Joint	  ordinations	  diagram	  for	  sampling	  sites	  (flood	  (diamonds)	  and	  pre-­‐flood	  (downward-­‐
facing	  triangles))	  and	  species	  occurring	  at	  greater	  than	  2%	  within	  sample	  (triangles)	  based	  on	  Detrended	  
Canonical	  Correspondence	  Analysis	  (DCCA)	  of	  diatom	  counts	  from	  Louisiana	  deltaic	  wetlands.	  Five	  
environmental	  variables	  (salinity,	  LOI,	  sand,	  silt	  and	  clay	  fractions)	  are	  shown	  by	  arrows.	  Species	  codes:	  Aa	  
–	  Aulacoseira	  ambigua;	  An	  –	  Actinocyclus	  normanii;	  As	  –	  Aulacoseira	  subborealis;	  Amd	  –	  Amphora	  
delicatissima;	  Amh	  –	  Amphora	  holsatica;	  Ams	  –	  Amphora	  spp.;	  Ca	  –	  Cyclotella	  atomus;	  Cc	  –	  Cyclotella	  
cryptica;	  Ci	  –	  Cyclostephanos	  invisitatus;	  Cm	  –	  Cyclotella	  meneghiniana;	  Cs	  –	  Cyclostephanos	  spp.;	  Ct	  -­‐	  
Cyclostephanos	  tholiformis;	  Fp	  –	  Fallacia	  pygmaea;	  Ft	  –	  Fallacia	  tenera;	  Gp	  –	  Gyrosigma	  peisonis;	  Ncp	  –	  
Navicula	  cf.	  platyventris;	  	  Ne	  –	  Navicula	  erifuga;	  Ng	  –	  Navicula	  gregaria;	  Np	  –	  Navicula	  perminuta;	  Nr	  –	  
Navicula	  rostellata;	  Nsn	  –	  Navicula	  salinicola;	  Nsr	  –	  Navicula	  salinarum;	  Ns1	  –	  Navicula	  sp.	  1;	  Ns3	  –	  
Navicula	  sp.	  3;	  Ns8	  –	  Navicula	  sp.	  8;	  Nia	  –	  Nitzschia	  archibaldii;	  Nide	  –	  Nitzschia	  debilis;	  Nidi	  –	  Nitzschia	  
dissipata;	  Nif	  –	  Nitzschia	  frustulum;	  Nil	  –	  Nitzschia	  liebtruthii;	  Nip	  –	  Nitzschia	  palea;	  Nir	  –	  Nitzschia	  
rosenstockii;	  Pd	  –	  Planothidium	  delicatulum;	  Sc	  –	  Staurosira	  construens;	  Scv	  –	  Staurosira	  construens	  var.	  
venter;	  Sm	  –	  Stephanodiscus	  minatulus	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CHAPTER 4. APPLICATION OF STABLE CARBON ISOTOPE 
GEOCHEMISTRY OF MANGROVE SEDIMENTS FOR RECONSTRUCTING 
HOLOCENE RELATIVE SEA LEVELS, PUERTO RICO* 
ABSTRACT 
We	  assessed	  the	  use	  of	  δ13C,	  TOC	  and	  C/N	  values	  of	  bulk	  sedimentary	  organic	  matter	  to	  
recognize	   the	   floral	   zone	   in	   which	   samples	   were	   deposited	   to	   reconstruct	  
paleoenvironmental	   and	   relative	   sea-­‐level	   change	   from	   mangrove	   environments	   in	  
Puerto	  Rico.	  The	  modern	  distribution	  of	  δ13C,	  TOC	  and	  C/N	  values	  and	  foraminifera	  was	  
described	   from	   56	   surface	   samples	   collected	   from	   three	   sites	   containing	   basin	   and	  
riverine	  mangrove	  stands.	  Vertically-­‐zoned	  tidal	  flat	  (δ13C:	  -­‐18.6	  ±	  2.8	  ‰;	  TOC:	  10.2	  ±	  5.7	  
%;	  C/N:	  12.7	  ±	  3.1),	  mangrove	  (δ13C:	  -­‐26.4	  ±	  1.0	  ‰;	  TOC:	  33.9	  ±	  13.4	  %;	  C/N:	  24.3	  ±	  6.2),	  
brackish	   transition	   (δ13C:	   -­‐28.8	   ±	   0.7	  ‰;	   TOC:	   40.8	   ±	   11.7	   %;	   C/N:	   21.7	   ±	   3.7),	   and	  
freshwater	   swamp	   (δ13C:	   -­‐28.4	   ±	   0.4	   ‰;	   TOC:	   42.8	   ±	   4.8	   %;	   C/N:	   17.0	   ±	   1.1)	  
environments	  were	   identified	   from	   the	  modern	   transects	  with	   distinct	   δ13C,	   TOC	   and	  
C/N	  values.	  However,	  the	  three	  foraminiferal	  groups	  recognized	  by	  PAM	  cluster	  analysis	  
did	  not	  show	  a	  relationship	  to	  elevation,	  due	  to	  the	  presence	  of	  calcareous	  foraminifera	  
occurring	   above	  mean	  higher	   high	  water	   (MHHW.)	   Foraminiferal	   groups	   could	   not	   be	  
used	  to	  interpret	  the	  fossil	  record,	  although	  the	  ratio	  of	  foraminifera	  to	  thecamoebians	  
(F/T)	  was	  used	  along	  with	  δ13C,	  TOC	  and	  C/N	  values	   to	   refine	   the	  distinction	  between	  
brackish	   and	   freshwater	   environments.	   Using	   linear	   discriminant	   analysis,	   we	   applied	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the	   δ13C,	   TOC,	   C/N	   and	   F/T	   distributions	   to	   a	   1.7	   m	   core	   containing	   a	   continuous	  
sequence	  of	  Rhizophora	  mangle	  peat.	  Linear	  discriminant	  functions	  (LDFs)	  derived	  from	  
the	  modern	  data	  set	  were	  able	  to	  reconstruct	  paleomangrove	  elevation	  with	  confidence	  
in	  the	  continuous	  section	  of	  peat,	  with	  a	  vertical	  uncertainty	  of	  ±	  0.12	  m.	  Foraminifera	  in	  
the	  core	  are	   subject	   to	   selective	  preservation	  of	   calcareous	   foraminifera	   (agglutinated	  
test	   loss).	   We	   demonstrate	   that	   δ13C,	   TOC,	   and	   C/N	   values	   can	   be	   used	   along	   with	  
simple	  microfossil	  metrics	  to	  reconstruct	  RSL	  in	  tropical	  environments,	  where	  records	  of	  
this	  kind	  are	  limited.	  
*To	   be	   submitted	   to	   Organic	   Geochemistry	   as:	   Khan,	   N.S.,	   Vane,	   C.H.,	   Horton,	   B.P.,	  
Scatena,	   F.N.,	   Engelhart,	   S.E.,	   Application	   of	   stable	   carbon	   isotope	   geochemistry	   of	  
mangrove	  sediments	  for	  reconstructing	  Holocene	  relative	  sea	  levels,	  Puerto	  Rico	  
4.1 INTRODUCTION 
Holocene	   records	  of	   relative	   sea	   level	   (RSL)	   from	   low-­‐latitude	   locations	   are	   important	  
for	  constraining	  changes	  in	  ocean	  volume	  due	  to	  meltwater	  from	  continental	  icesheets	  
(Milne	  and	  Mitrovica,	  2008),	  yet	  there	  is	  little	  data	  from	  these	  regions	  due	  to	  inherent	  
difficulties	   in	   producing	   accurate	   and	   precise	   RSL	   records	   in	   tropical	   environments.	  
Changes	   in	   RSL	   are	   reconstructed	   using	   sea-­‐level	   indicators,	   features	   that	   possess	   a	  
systematic	  and	  quantifiable	  relationship	  to	  elevation	  with	  respect	  to	  the	  tidal	  frame	  (van	  
de	  Plassche,	  1986).	  Acropora	  palmata	  corals	  have	  commonly	  been	  used	  to	  reconstruct	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deglacial	  changes	  in	  RSL	  (Fairbanks,	  1989;	  Bard	  et	  al.,	  1996;	  Peltier	  and	  Fairbanks,	  2006),	  
but	  the	  resolution	  of	  this	  technique	  (±	  5	  m)	  exceeds	  the	  magnitude	  of	  changes	  observed	  
in	   RSL	   during	   much	   of	   the	   Holocene	   (Lighty	   et	   al.,	   1982;	   Milne	   and	   Peros,	   2013).	  
Microfossils	   (foraminifera,	   diatoms)	   preserved	   in	   buried	   sequences	   of	   salt	   marsh	  
sediments	  are	  employed	  as	  sea-­‐level	  indicators	  because	  they	  provide	  precise	  (<±	  0.5	  m)	  
estimates	  of	  Holocene	  RSLs	  (Horton	  and	  Edwards,	  2006;	  Kemp	  et	  al.,	  2013a).	  Mangroves	  
are	   forested	   intertidal	   wetlands,	   which	   in	   tropical	   regions	   occupy	   a	   similar	  
environmental	  niche	  to	  salt	  marshes,	  and	  may	  provide	  an	  alternative	  means	  to	  corals	  to	  
reconstruct	   Holocene	   RSL	   change.	   However,	   in	   mangrove	   sedimentary	   archives,	  
microfossils	   (foraminifera	   in	   particular)	   are	   often	   absent	   or	   poorly	   preserved	   due	   to	  
dissolution	   or	   degradation	   of	   test	   material	   (Goldstein	   and	  Watkins,	   1999;	   Wang	   and	  
Chappell,	  2001;	  Woodroffe	  et	  al.,	  2005;	  Berkeley	  et	  al.,	  2007;	  2009).	   In	  addition,	   their	  
distribution	   may	   be	   controlled	   by	   environmental	   parameters	   (e.g.,	   mangrove	   canopy	  
cover,	  organic	  matter	  content	  of	  sediment,	  salinity,	  pH,	  calcium	  concentration,	  or	  wave	  
climate/sediment	  transport	  during	  storms)	  other	  than	  elevation	  with	  respect	  to	  the	  tidal	  
frame	  (Collins	  et	  al.,	  1999;	  Hippensteel	  and	  Martin,	  1999;	  Scott	  et	  al.,	  2001;	  Debenay	  et	  
al.,	  2002;	  2004;	  Murray,	  2003).	  	  
To	   provide	   an	   alternative	   to	   microfossil	   sea-­‐level	   indicators,	   recent	   studies	   have	  
explored	  the	  use	  of	  stable	  carbon	  isotopes	  (δ13C),	  total	  organic	  carbon	  (TOC)	  and	  total	  
organic	  carbon	  to	  total	  nitrogen	  (C/N)	  ratios	  of	  sedimentary	  organic	  matter	   (Wilson	  et	  
CHAPTER	  4	  
	   101	  
al.,	  2005;	  Lamb	  et	  al.,	  2007;	  Kemp	  et	  al.,	  2010;	  2012b;	  Engelhart	  et	  al.,	  2013b).	  δ13C	  and	  
C/N	  are	  able	   to	  distinguish	  different	   sources	  of	  organic	  matter	   (Haines,	  1976;	  Chmura	  
and	  Aharon,	  1995;	  Goni	  and	  Thomas,	  2000;	  Vane	  et	  al.,	  2013),	  particularly	  between	  C3	  
and	  C4	  vegetation	  (Emery,	  1967,	  Malamud-­‐Roam	  and	  Ingram,	  2001)	  and	  freshwater	  and	  
marine	   organic	   matter	   (Fry	   et	   al.,	   1977;	   Fogel	   et	   al.,	   1989).	   The	   amount	   of	   organic	  
matter	   contained	   in	   sediments	   traditionally	  was	   estimated	   using	   loss-­‐on-­‐ignition	   (LOI)	  
(Ball,	  1964),	  although	  this	  method	  may	  over-­‐	  or	  underestimate	  the	  total	  organic	  matter	  
and	   carbon	   content	   (Schumacher,	   2002;	   Boyle,	   2004).	   TOC	   values	   provide	   a	   direct	  
measurement	   of	   the	   amount	   of	   organic	   carbon	   contained	   in	   sediments	   (Veres,	   2002;	  
Ostrowska	  and	  Porebska,	  2011).	  The	  studies	  investigating	  the	  use	  of	  δ13C,	  TOC,	  and	  C/N	  
as	   a	   sea-­‐level	   indicator,	   however,	   have	   been	   confined	   to	   saltmarshes	   in	   temperate	  
regions	  of	  the	  UK	  and	  USA.	  	  
Although	  mangroves	   are	   considered	   to	   be	   the	   low-­‐latitude	   counterpart	   of	   temperate	  
marshes,	   they	   differ	   in	   vegetation	   type,	   environmental	   conditions	   and	   relation	   to	   the	  
tidal	  frame,	  which	  may	  affect	  the	  use	  of	  δ13C,	  TOC	  and	  C/N	  in	  paleoenvironmental	  and	  
RSL	   reconstruction.	   Herbaceous	   vegetation	   such	   as	   grasses,	   rushes,	   and	   sedges	   are	  
found	  in	  temperate	  marshes,	  while	  trees	  (and	  ferns)	  predominate	  in	  tropical	  mangroves	  
(Robertson	  and	  Alongi,	   1992).	   δ13C	  and	   to	   a	  much	  greater	   extent	  C/N	  varies	  between	  
herbaceous	   and	   woody	   materials,	   and	   further	   these	   vegetation	   types	   may	   differ	   in	  
resistance	  to	  microbial	  attack	  (Benner	  et	  al.,	  1987).	  In	  the	  tropics,	  higher	  temperatures	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and	   precipitation	   promote	   faster	   rates	   of	   organic	   matter	   breakdown	   and	   may	   alter	  
organic	  matter	   stability	   in	   the	  surface	  and	  subsurface	   (Coûteaux	  et	  al.,	  1995; Malhi	  et	  
al.,	  1999;	  Franzluebbers	  et	  al.,	  2001).	  Furthermore,	  mangroves	  can	  colonize	  elevations	  
down	  to	  mean	  low	  water	  (MLW)	  (Dawes,	  1998),	  whereas	  low	  marsh	  vegetation	  found	  in	  
temperate	  regions	  only	  grows	  above	  mean	  tide	  level	  (MTL)	  (Davis	  and	  Fitzgerald,	  2004).	  
Due	   to	   the	   greater	   inundation	   period	   by	   tides	   and	   stronger	   bottom	   friction	   effects	  
created	   by	   aerial	   roots,	   mangroves	   may	   therefore	   incorporate	   greater	   amounts	   of	  
allochthonous	  marine	  organic	  material	   into	  their	  sediments	   (Wolanski,	  1992).	  To	  date,	  
no	   comprehensive	   study	   has	   examined	   the	   stable	   carbon	   isotope	   geochemistry	   of	  
mangrove	  environments	  for	  the	  purpose	  of	  sea-­‐level	  reconstruction.	  
Here,	   we	   describe	   the	   contemporary	   distribution	   of	   δ13C,	   TOC	   and	   C/N	   in	   mangrove	  
environments	   from	   study	   sites	   in	   northeastern	   Puerto	   Rico	   and	   discuss	   its	   use	   in	  
Holocene	   RSL	   and	   paleoenvironmental	   reconstruction.	   We	   examine	   the	   vertical	  
distribution	   of	   δ13C,	   TOC	   and	   C/N,	   which	   we	   compare	   to	   that	   of	   foraminiferal	  
assemblages	   from	   sediment	   samples	   from	   four	   transects	   extending	   through	   tidal	   flat,	  
mangrove,	  and	  freshwater	  swamp	  environments.	  We	  use	  the	  δ13C,	  TOC	  and	  C/N	  values	  
to	   interpret	  a	  1.7	  m	  sediment	  core.	  We	  find	  that	  there	   is	  a	  relationship	  between	  δ13C,	  
TOC	   and	   C/N	   composition	   and	   depositional	   environment	   and	   that	   this	   signature	   is	  
identifiable	  in	  the	  sedimentary	  record.	  Therefore,	  δ13C	  and	  C/N	  can	  be	  used	  to	  produce	  
records	  of	  RSL	  in	  low-­‐latitude	  locations,	  where	  such	  records	  are	  scarce.	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4.2 STUDY AREA  
The	   Holocene	   RSL	   history	   of	   Puerto	   Rico	   and	   other	   locations	   in	   the	   Caribbean	   are	  
controlled	   primarily	   by	   the	   eustatic	   (or	  meltwater)	   signal	   (Milne	   et	   al.,	   2005).	   Recent	  
studies	  have	   shown	   little	   evidence	   for	  Holocene	   sea	   levels	   higher	   than	  present	   in	   the	  
Caribbean	  (Toscano	  and	  Macintyre,	  2001),	  which	  suggests	  influence	  from	  glacio-­‐isostatic	  
adjustment	   (GIA)	   in	   this	   region	   (Milne	   et	   al.,	   2005;	   Milne	   and	   Mitrovica,	   2008).	   In	  
addition,	   Puerto	   Rico	   is	   bordered	   by	   numerous	   microplate	   boundaries	   and	   tectonics	  
may	  play	  an	  active	  role	  in	  its	  RSL	  record	  (Mason	  and	  Scanlon,	  1991;	  Grindlay	  et	  al.,	  1997;	  
van	  Gestel	  et	  al.,	  1998;	  Austermann	  et	  al.,	  2013).	  
The	   geomorphology	   and	   vegetation	   of	   Puerto	   Rico’s	   coastline	   varies	   between	   the	  
northern	  and	  southern	  coasts	  (Kaye,	  1959;	  Lugo	  and	  Cintron,	  1975).	  The	  northern	  coast	  
contains	  mangrove	  and	  freshwater	  swamps	  indented	  by	  small	  bays	  and	  lagoons,	  and	  in	  
places,	   sand	   beaches,	   cemented	   dunes	   and	   Pleistocene	   reef	   rock	   (Kaye,	   1959).	   The	  
southern	  coast	  consists	  of	  a	  broad	  alluvial	  plain	  where	  narrow	  beaches	  alternate	  with	  
mangrove	  swamps	  (Kaye,	  1959).	  	  
Puerto	  Rico	  is	  micro-­‐tidal,	  with	  a	  great	  diurnal	  range	  along	  the	  northern	  coast	  of	  0.46-­‐
0.54	  m	  (NOAA,	  2012).	  The	  tide	  gauge	  station	  at	  San	   Juan	  records	  a	   rate	  of	  RSL	   rise	  of	  
1.65	  ±	  0.52	  mm/yr	  from	  1961	  to	  2006	  (NOAA,	  2012).	  Salinity	  along	  the	  northern	  coast	  
ranges	  from	  31-­‐37	  in	  San	  Juan	  Bay	  (CariCOOS,	  2012).	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Figure	  4.1	  Map	  of	  (A)	  the	  Caribbean	  region	  showing	  the	  location	  of	  Puerto	  Rico	  and	  (B)	  the	  location	  of	  tide	  
gauges	  (white	  stars),	  three	  study	  sites	  (black	  circles)	  sampled	  for	  vegetation	  and	  δ13C,	  TOC,	  C/N	  values	  and	  
foraminifera	   of	   modern	   bulk	   sediment	   and	   two	   study	   sites	   (open	   circles)	   where	   additional	   mangrove	  
vegetation	   and	   tidal	   flat	   sediments	  were	   sampled	   to	   account	   for	   physiographic	   variability	   in	   δ13C,	   TOC,	  
C/N	  values	   in	  eastern	  Puerto	  Rico.	   (C,	  D,	  E)	  Location	  of	  modern	  transects	   (thick	  dotted	   line)	  sampled	  at	  
Sabana	  Seca	   (PCS),	  Espiritu	  Santo	   (BC),	  and	  Puerto	  del	  Mar	   (PDM)	  study	  sites.	  At	  Espiritu	  Santo	   (B)	   two	  
coring	  transects	  are	  demarcated	  by	  thin	  dotted	  black	  lines	  and	  the	  location	  of	  core	  BC7	  is	  indicated	  by	  a	  
white	  star.	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Three	  primary	  study	  sites	  were	  chosen	  along	  the	  northeastern	  coast	  of	  Puerto	  Rico	  (Fig.	  
4.1)	   to	  account	   for	   the	  wide	  range	   in	  physiographic	   factors	  encountered	  on	  the	   island	  
and	  to	  incorporate	  three	  distinct	  mangrove	  forest	  types:	  riverine	  mangrove,	  mangrove	  
fringe	   and	   basin	  mangrove	   (Lugo	   and	   Snedaker,	   1974;	   Gilmore	   and	   Snedaker,	   1993).	  
Vegetation	   and	   tidal	   flat	   sediment	   samples	  were	   collected	   from	   two	   additional	   study	  
sites	  in	  Naguabo	  and	  Jobos	  Bay	  (Fig.	  4.1)	  containing	  fringe	  and	  basin	  mangrove	  stands	  to	  
account	  for	  spatial	  variability	  in	  these	  sample	  types.	  
Sabana	   Seca,	   a	   brackish	   to	   freshwater	   riverine	   mangrove,	   was	   selected	   for	   study	  
because	  it	  has	  one	  of	  the	  most	  extensive	  stands	  of	  coastal	  Pterocarpus	  officinalis	  on	  the	  
island	  (Eusse	  and	  Aide,	  1999;	  Vane	  et	  al.,	  2013a).	  One	  transect	  (A-­‐A1)	  approximately	  750	  
m	   long	   was	   sampled	   that	   extended	   through	   a	   brackish	   zone	   occupied	   by	   Avicennia	  
germinans	   and	   Laguncularia	   racemosa,	   which	   ranged	   in	   elevation	   from	   0.0	   to	   0.3	   m	  
mean	   tide	   level	   (MTL),	   to	   a	   freshwater	   zone	   occupied	   by	   P.	   officinalis	   and	   the	   fern	  
Acrostichum	   aureum,	   which	   ranged	   in	   elevation	   from	   0.5	   to	   0.8	  m	  MTL	   (Fig.	   4.1;	   Fig.	  
4.3).	  	  
Espiritu	  Santo,	  an	  open-­‐coast	  site	   located	  east	  of	  San	   Juan,	  contains	   fringe,	  basin,	  and	  
riverine	  mangroves	  (Fig	  4.1).	  Two	  transects	  ~300	  m	  in	  length	  combined	  were	  established	  
at	  the	  site.	  The	  first	  transect	  (B-­‐B1)	  extended	  from	  a	  tidal	  flat	  zone,	  where	  samples	  were	  
collected	   at	   elevations	   below	  MTL,	   to	   a	  monospecific	  A.	   germinans	   zone	   in	   the	   basin	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mangrove	  located	  behind	  a	  supra-­‐tidal	  storm	  berm,	  which	  ranged	  in	  elevation	  from	  0.3	  
to	   0.6	   m	   MTL.	   The	   second	   transect	   (C1-­‐C)	   encompassed	   riverine	   mangrove	   stands	  
dominated	   by	   Rhizophora	   mangle	   closest	   to	   a	   tidal	   creek	   (-­‐0.1	   to	   0.1	   m	   MTL)	   with	  
additional	  species	  A.	  germinans	  and	  L.	  racemosa	  along	  with	  R.	  mangle	  appearing	  further	  
inland	  higher	  in	  elevation	  (0.1	  to	  0.4	  m	  MTL).	  	  
A	   final	   transect	   (D-­‐D1)	   was	   collected	   from	   Puerto	   del	   Mar,	   a	   site	   nearby	   (~2	   km)	   to	  
Espiritu	   Santo	   that	   contains	   basin-­‐type	   mangrove.	   The	   transect,	   ranging	   in	   elevation	  
from	   0.4	   to	   0.6	  m	  MTL,	   extends	   through	   a	   floral	   zone	   dominated	   by	  R.	  mangle	  with	  
some	   upland	   vegetation	   and	   transitions	   into	   a	   brackish	   zone	   dominated	   by	   A.	  
germinans,	  L.	  racemosa,	  and	  A.	  aureum.	  	  
Four	  lithostratigraphic	  units	  are	  identified	  at	  the	  Espiritu	  Santo	  (BC)	  study	  area.	  A	  basal	  
sand	  sheet	  composed	  of	  fine	  sand,	  with	  an	  upper	  contact	  at	  an	  altitude	  of	  ~-­‐2	  m	  mean	  
sea	   level	   (MSL),	  overlain	  by	  a	  ~1.5	  m	  thick	  mud	  unit,	  with	  an	  upper	  contact	  ranging	   in	  
altitude	  between	   -­‐0.8	   and	   -­‐0.3	  m	  MSL.	  Above	   the	  mud	  unit,	   a	   0.1	  m	   transitional	   unit	  
composed	  of	   organic-­‐rich	  mud	  with	  wood	   fragments	   and	   shells	   appears	   in	   some	   core	  
locations,	  which	  changes	  into	  a	  mangrove	  peat	  unit	  ranging	  in	  thickness	  from	  0.5	  to	  1.3	  
m.	  Core	  BC7	  was	  collected	  at	  Espiritu	  Santo	  in	  the	  riverine	  R.	  mangle	  zone	  (Fig.	  4.1).	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4.3 METHODS 
Vegetation	  and	  surface	  sediment	  samples	  were	  collected	  and	  analyzed	  for	  δ13C	  and	  C/N	  
composition	  and	  foraminiferal	  identification	  from	  five	  study	  sites	  (Fig	  4.1).	  The	  modern	  
data	   set	   was	   compared	   to	   δ13C,	   C/N	   and	   foraminiferal	   assemblages	   from	   a	   sediment	  
core,	  which	  was	  dated	  by	  210Pb	  accumulations	  and	  a	  137Cs	  marker,	  using	  the	  statistical	  
methods	  described	  below.	  
4.3.1 Sample collection 
At	   all	   sites,	   the	   dominant	   vegetation	   from	   each	   environmental	   zone	  was	   collected	   to	  
understand	   its	   relationship	   to	   the	   δ13C	   and	   C/N	   of	   surface	   sediments	   (Chmura	   and	  
Aharon,	   1995;	   Malamud-­‐Roam	   and	   Ingram,	   2004).	   Thalassia	   spp.	   and	   algae	   were	  
collected	   from	   tidal	   flat	   environments.	   Leaves,	   terminal	   stems,	   bark,	   and	   roots	   of	   R.	  
mangle,	  A.	  germinans,	  L.	  racemosa,	  and	  P.	  officinalis,	  along	  with	  herbaceous	  vegetation	  
dominating	   disturbance	   patches	   (Batis	  maritima,	   Salicornia	   spp.)	   were	   collected	   from	  
mangrove	  and	  freshwater	  swamp	  environments.	  Woody	  end-­‐members	  from	  hereon	  in	  
are	   referred	   to	   as	  wood	   and	   include	   propagules,	   stem,	   branch,	   or	   bark	  material	   (see	  
Appendix	  A1	  for	  full	  description	  of	  each	  plant	  sample).	  	  
At	  each	  sampling	  station	  along	  the	  transects,	  duplicate	  samples	   from	  a	  10	  cm2	  x	  1	  cm	  
plot	  were	  collected	  for	  δ13C	  and	  C/N	  analysis	  and	  identification	  of	  foraminifera	  (Kemp	  et	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al.,	   2012b).	   Following	  Wright	   et	   al.	   (2011),	   the	   sampling	   stations	   were	   positioned	   to	  
maintain	  consistent	  spacing	  along	  an	  elevation	  gradient	  (~3-­‐5	  cm	  between	  each	  station).	  
Salinity	  measurements	  were	  taken	  in	  surface	  waters	  from	  select	  sampling	  stations	  using	  
a	  refractometer.	  A	  total	  station	  was	  used	  to	  level	  sampling	  stations	  and	  core	  locations	  to	  
a	   common	   reference	   datum	   (mean	   sea	   level;	   MSL),	   which	   was	   determined	   using	   a	  
Trimble	   differential	   geographic	   positioning	   system.	   At	   all	   sites,	   tidal	   datums	   were	  
interpolated	   from	   the	   nearest	   National	   Oceanic	   and	   Atmospheric	   Administration	  
(NOAA)	  tide	  gauges	  in	  San	  Juan	  and	  Fajardo	  (Fig	  4.1).	  	  
The	  stratigraphy	  of	  the	  Espiritu	  Santo	  study	  area	  (Fig	  4.1)	  was	  investigated	  by	  collecting	  
cores	  along	  two	  shore-­‐normal	  transects,	  each	  extending	  ~250	  m	  inward	  from	  the	  shore.	  
Sediments	  were	  described	  using	   Troels-­‐Smith	  notation	   (Troels-­‐Smith,	   1955).	   Core	  BC7	  
was	   selected	   for	   sampling	   because	   it	  was	   representative	   of	   the	   regional	   stratigraphy.	  
Core	   BC7	   was	   sampled	   in	   triplicate	   to	   allow	   sufficient	   material	   for	   all	   analyses.	   An	  
Eijkelkamp	  peat	  sampler	  was	  used	  to	  minimize	  sediment	  compaction	  during	  sampling.	  
Upon	  recovery,	  all	  samples	  were	  kept	  on	  ice	   in	  the	  field	  and	  moved	  to	  cold	  storage	  to	  
await	  further	  analysis.	  In	  addition,	  surface	  sediment	  samples	  collected	  for	  foraminiferal	  
analysis	   were	   immediately	   treated	   in	   the	   field	   with	   a	   buffered	   ethanol	   solution	   to	  
ensure	   preservation	   (Horton	   and	   Edwards,	   2006)	   and	   were	   stained	   with	   rose	   Bengal	  
(Walton,	  1952)	  to	  enable	  counts	  of	  live	  vs.	  dead	  populations	  (Berkeley	  et	  al.,	  2008).	  One	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replicate	   core	   was	   also	   sampled	   for	   foraminifera	   immediately	   in	   the	   field	   to	   enable	  
better	  potential	  for	  their	  preservation.	  
4.3.2 Sample analysis 
Surface	   and	   core	   sediment	   were	   analyzed	   for	   δ13C,	   TOC	   and	   C/N	   composition.	   For	  
measurement	  of	  δ13C,	  TOC	  and	  C/N,	  sample	  pretreatment	  followed	  Vane	  et	  al.	  (2013a).	  
Sediment	   samples	   were	   treated	   with	   5%	   HCl	   overnight	   to	   remove	   inorganic	   carbon,	  
rinsed	  with	  deionized	  water,	  dried	  in	  an	  oven	  at	  50°C	  and	  milled	  to	  a	  fine	  powder	  using	  
a	   pestle	   and	   mortar.	   Plant	   samples	   were	   treated	   with	   5%	   HCl	   for	   2	   h,	   rinsed	   with	  
deionized	  water,	  dried	   in	  an	  oven	  at	  50°C	  and	  freezer-­‐milled	  to	  a	   fine	  powder.	   13C/12C	  
analyses	  were	  performed	  by	  combustion	  in	  a	  Costech	  Elemental	  Analyzer	  coupled	  online	  
to	   an	   Optima	   dual-­‐inlet	   mass	   spectrometer	   at	   the	   NERC	   Isotope	   Geosciences	  
Laboratory,	   Nottingham,	   UK.	   The	   values	   were	   calibrated	   to	   the	   Vienna	   Pee	   Dee	  
Belemnite	   (VPDB)	   scale	   using	   within-­‐run	   cellulose	   standard	   Sigma	   Chemical	   C-­‐6413	  
calibrated	  against	  NBS19	  and	  NBS	  22	   (Vane	  et	  al.,	  2013b).	  Sample	   total	  organic	  C	  and	  
total	   N	   were	   measured	   on	   the	   same	   instrument.	   C/N	   ratios	   were	   calibrated	   with	   an	  
acetanilide	  standard	  and	  are	  given	  as	  a	  weight	  percentage	  (Vane	  et	  al.,	  2013a).	  	  Multiple	  
sample	   replicates	   (n>4)	   from	  each	  environment	   type	  were	   individually	  pretreated	  and	  
analyzed	   for	   δ13C	   and	   C/N	   composition	   to	   estimate	   analytical	   error.	   The	   root	   mean	  
square	  of	  the	  standard	  deviation	  of	  sample	  replicates	  and	  in-­‐run	  standards	  were	  used	  to	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construct	  error	  bars	  for	  δ13C,	  TOC,	  and	  C/N	  values	  in	  Fig	  4.2-­‐4.5.	  	  
To	  prepare	  sediment	  for	  foraminiferal	  analysis,	  samples	  were	  passed	  through	  63	  μm	  and	  
500	  μm	  sieves,	   isolating	   this	   fraction	   for	   further	  analysis	   (Horton	  and	  Edwards,	  2006).	  	  
Foraminifera	  were	  picked	  from	  this	  fraction	  and	  identified	  under	  a	  binocular	  microscope	  
until	   at	   least	   100	   individuals	   had	   been	   enumerated	   from	   a	   known	   fraction.	   At	   5	   cm	  
intervals,	   core	   sediment	  was	  checked	   for	   the	  presence	  of	  agglutinated	  and	  calcareous	  
foraminifera.	  Calcareous	  forms	  were	  identified	  to	  genus	  level	  and	  grouped	  according	  to	  
habitat	  preference	  (Horton	  and	  Edwards,	  2006).	  Total	  thecamoebians	  were	  included	  as	  
a	   group	   in	   foraminiferal	   counts	   (Hawkes	   et	   al.,	   2009).	   Thecamoebians	   are	   testate	  
amoebae	  closely	  related	  to	  foraminifera,	  which	  occupy	  nearly	  every	  niche	  in	  freshwater	  
environments	  (Scott	  et	  al.,	  2007)	  and	  have	  been	  used	  as	  sea-­‐level	  indicators	  in	  marshes	  
of	   the	  UK	   and	  US	   Atlantic	   coast	   (Charman	   et	   al.,	   1998;	   2002;	   Roe	   et	   al.,	   2001;	   2002;	  
Gehrels	  et	  al.,	  2006).	  Only	   the	  dead	   (unstained)	   foraminiferal	   counts	  were	   included	   in	  
the	   analysis	   because	   they	   most	   accurately	   reflect	   sub-­‐surface	   assemblages	   (Murray,	  
1982;	  Horton,	  1999;	  Culver	  and	  Horton,	  2005).	  
4.3.3 Statistical analysis 
One-­‐way	  Analysis	  of	  Variance	   (ANOVA)	  was	  completed	  on	  modern	   sediments	   from	  all	  
transects	   to	   detect	   significant	   differences	   in	  mean	   δ13C,	   TOC,	   and	   C/N	   values	   among	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depositional	   environments.	   Analysis	   was	   performed	   in	   JMP	   10.0	   with	   “environment”	  
designated	   as	   the	   grouping	   factor	   (Table	   1).	   “Environment”	  was	  defined	   in	   two	  ways:	  
one	  in	  which	  environmental	  zones	  were	  grouped	  broadly	  (tidal	  flat,	  mangrove,	  brackish	  
transition,	   freshwater)	   and	   a	   second	   in	   which	   variations	   in	   mangrove	   species,	  
physiographic	  conditions,	  and	  salinity	  sub-­‐divided	  the	  mangrove	  zone	  (monospecific	  A.	  
germinans,	   riverine	  mixed	  species	  stand).	  Data	  were	   log-­‐transformed	  where	  necessary	  
to	  meet	  assumptions	  of	  ANOVA	  (equal	  variance,	  normality).	  Tukey’s	  Honestly	  Significant	  
Difference	   (HSD)	   was	   used	   to	   identify	   differences	   among	   multiple	   means	   when	   a	  
significant	  effect	  was	  found.	  
Partitioning	  Around	  Medoids	  (PAM)	  cluster	  analysis	  was	  used	  to	  identify	  distinct	  groups	  
of	   modern	   foraminiferal	   assemblages	   in	   the	   statistical	   program	   R	   (Kaufman	   and	  
Rousseeuw,	   1990;	   Kemp	   et	   al.,	   2012b;	   Engelhart	   et	   al.,	   2013b)	   using	   the	   ‘CLUSTER’	  
package	   (Maechler	   et	   al.,	   2012).	   The	   highest	   average	   silhouette	   width	   of	   all	  
environments	  was	  used	   to	  objectively	  define	   the	  appropriate	  number	  of	   foraminiferal	  
groups	  (Kemp	  et	  al.,	  2012b;	  Engelhart	  et	  al.,	  2013b).	  The	  analysis	  was	  performed	  on	  the	  
combined	  modern	  dataset	  from	  all	  transects	  (Fig	  4.7).	  Foraminifera	  taxa	  representing	  <	  
5%	   of	   any	   assemblage	   were	   excluded	   from	   analysis	   (Patterson	   and	   Fishbein,	   1989;	  
Fatela	  and	  Taborda,	  2002;	  Horton	  and	  Edwards,	  2006).	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4.4 RESULTS 
4.4.1 Characteristics of modern vegetation  
The	  δ13C	  and	  C/N	  composition	  of	  modern	  mangrove	  and	  freshwater	  swamp	  vegetation	  
was	  measured	  in	  47	  samples	  (Fig	  4.2a;	  Appendix	  A1).	  R.	  mangle	  leaves	  had	  δ13C	  and	  C/N	  
values	  ranging	  from	  -­‐32.2	  to	  -­‐29.8	  ‰	  and	  20.1	  to	  52.4,	  respectively.	  δ13C	  and	  C/N	  values	  
of	  R.	  mangle	  wood	  ranged	  from	  -­‐28.5	  to	  -­‐25.2	  ‰	  and	  73.0	  to	  203.8.	  R.	  mangle	  prop	  
roots	  and	  fine	  roots	  had	  similar	  δ13C	  and	  C/N	  values	  of	  -­‐24.5	  to	  -­‐24.6	  ‰	  and	  48.6	  to	  
64.7.	  	  A.	  germinans	  leaves	  had	  δ13C	  and	  C/N	  values	  of	  -­‐31.6	  to	  -­‐28.5	  ‰	  and	  23.1	  to	  39.0.	  
Wood	  of	  A.	  germinans	  fell	  within	  the	  range	  of	  -­‐28.7	  to	  -­‐24.6	  ‰	  and	  114.5	  to	  195.1,	  and	  
its	  sub-­‐aerial	  roots	  and	  pneumatophores	  (aerial	  roots)	  ranged	  from	  -­‐27.4	  to	  -­‐26.6	  ‰	  
and	  45.3	  to	  61.8.	  L.	  racemosa	  leaves	  gave	  δ13C	  and	  C/N	  values	  between	  -­‐31.7	  to	  -­‐27.9	  ‰	  
and	  27.9	  to	  46.7.	  L.	  racemosa	  wood	  ranged	  from	  -­‐26.1	  to	  -­‐24.1	  ‰	  and	  95.6	  to	  150.8,	  
and	  its	  pneumatophores	  varied	  from	  -­‐24.2	  to	  -­‐28.5	  ‰	  and	  89.1	  to	  96.5.	  P.	  officinalis	  
leaves	  gave	  δ13C	  and	  C/N	  values	  of	  -­‐31.5	  ‰	  and	  14.5,	  and	  its	  wood	  ranged	  between	  -­‐
28.1	  to	  -­‐27.5	  ‰	  and	  29.3	  and	  40.5.	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Mangrove	  associates	  (vegetation	  growing	  in	  association	  with	  mangrove	  plant	  
communities)	  A.	  aureum,	  Batis	  maritima,	  Sesuvium	  portulacastrum,	  and	  a	  vine	  plant	  had	  
δ13C	  and	  C/N	  values	  comparable	  to	  mangrove	  leaf	  and	  wood	  material.	  The	  herbaceous	  
vegetation	  B.	  maritima	  (δ13C:	  -­‐29.1	  to	  -­‐27.4	  ‰;	  C/N:	  27.8	  to	  30.0)	  and	  S.	  portulacastrum	  
(δ13C:	  -­‐26.1	  ±	  0.1	  ‰;	  C/N:	  23.6	  ±	  0.8;	  Vane	  et	  al.,	  2013)	  had	  similar	  δ13C	  and	  C/N	  values	  
to	  mangrove	  leaves,	  as	  did	  A.	  aureum	  (δ13C:	  -­‐26.4	  to	  -­‐26.2	  ‰;	  C/N:	  34.0	  to	  43.9)	  and	  
vine	  leaf	  material	  (δ13C:	  -­‐32.2	  ‰;	  C/N:	  31.0).	  A.	  aureum	  (δ13C:	  -­‐30.8	  ‰;	  C/N:	  162.9)	  and	  
vine	  stems	  (δ13C:	  -­‐29.2	  ‰;	  C/N:	  121.6)	  fell	  within	  the	  range	  of	  mangrove	  wood.	  	  
Marine	  end-­‐members	  (seagrass	  and	  marine	  algae),	  which	  were	  collected	  in	  situ	  in	  the	  
nearshore	  as	  well	  as	  from	  the	  sediment	  surface	  of	  the	  fringing	  mangrove	  (representing	  
washed-­‐in	  specimens),	  had	  measured	  δ13C	  and	  C/N	  values	  that	  differed	  from	  that	  of	  
mangrove	  vegetation	  or	  associates	  (Fig	  4.2a).	  Seagrasses,	  including	  Thalassia	  testudium,	  
had	  δ13C	  and	  C/N	  values	  between	  -­‐11.1	  and	  -­‐9.0	  ‰	  and	  18.4	  and	  21.1,	  and	  marine	  
algae,	  including	  Sargassum	  sp.,	  had	  δ13C	  and	  C/N	  values	  that	  ranged	  from	  -­‐18.9	  to	  -­‐16.3	  
‰	  and	  5.5	  to	  32.2.	  
4.4.2 Characteristics of modern sediments 
The	  δ13C,	  TOC	  and	  C/N	  composition	  of	  modern	  mangrove	  sediments	  was	  measured	   in	  
70	  surface	  sediment	  samples	  collected	  along	   four	   transects	   from	  the	  three	  study	  sites	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(Fig	  4.2b;	  Appendix	  A2).	  Among	  the	  70	  surface	  samples	  analyzed	  for	  δ13C,	  TOC	  and	  C/N	  
composition,	  a	   total	  of	  80	  taxa	   (foraminifera	  and	  thecamoebians)	  were	   identified,	  and	  
foraminifera	   were	   present	   in	   59	   of	   the	   70	   samples.	   The	   11	   samples	   devoid	   of	  
foraminifera	  were	  collected	  from	  a	  freshwater	  swamp	  environment.	  	  
4.4.2.1 Sabana Seca Transect 
Sabana	   Seca	   Transect	   1	   (A–Aʹ′,	   Fig	   4.1)	   encompassed	   two	   zones:	   a	   brackish	   zone	  
occupied	  by	  A.	  germinans,	   L.	   racemosa	  and	  A.	  aureum	   and	  a	   freshwater	   swamp	   zone	  
occupied	   by	  P.	   officinalis	   and	  A.	   aureum	   (Fig	   4.3).	   The	   brackish	   zone	   had	   δ13C	   values	  
ranging	   from	   -­‐30.0	   to	   -­‐27.3,	   TOC	   values	   ranging	   from	   19.7	   to	   50.1	   and	   C/N	   values	  
ranging	   from	   16.5	   to	   24.4.	   Agglutinated	   foraminifera	   (46%),	   dominated	   by	  
Haplophragmoides	  wilberti	   (0-­‐23%),	   Jadammina	  macrescens	   (0-­‐26%),	   and	  M.	   fusca	   (0-­‐
21%),	   and	   thecamoebians	   (54%)	   were	   equally	   abundant	   in	   this	   zone.	   The	   freshwater	  
swamp	  had	   similar	   δ13C	   (-­‐28.9	   to	   -­‐27.5‰),	   TOC	   (34.9	   to	   49.1)	   and	   C/N	   (15.3	   to	   21.1)	  
values	  to	  the	  brackish	  zone;	  however,	  these	  two	  zones	  are	  distinguished	  by	  the	  ratio	  of	  
total	  foraminifera	  to	  thecamoebians	  (Table	  4.1).	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4.4.2.2 Espiritu Santo Transects 
Four	  dominant	  environmental	  zones	  were	  sampled	  along	  Espiritu	  Santo	  Transects	  1	  and	  
2	  (B–B1,	  C-­‐C1,	  Fig	  4.1;	  Fig	  4.4):	  The	  unvegetated	  tidal	  flat	  zone	  was	  associated	  with	  high	  
sediment	  δ13C	  values	  between	  -­‐17.2	  to	  -­‐16.1	  ‰,	  low	  TOC	  between	  4.0	  to	  5.4,	  and	  low	  
C/N	   ratios	  between	  8.0	   to	  8.9.	  Calcareous	   foraminiferal	   species	   (100%)	  comprised	   the	  
assemblages	   in	   the	   tidal	   flat	   zone	   and	   were	   dominated	   by	   Miliolids	   (predominantly	  
Quinqueloculina	  spp.;	  37-­‐43%).	  	  
A	  monospecific	  A.	  germinans	  zone	  located	  behind	  a	  storm	  berm	  had	  δ13C	  values	  ranging	  
from	  -­‐25.5	  to	  -­‐24.4	  ‰,	  TOC	  values	  ranging	  from	  5.1	  to	  9.1	  and	  C/N	  values	  ranging	  from	  
10.7	   to	   13.9.	   Calcareous	   taxa	  were	   dominant	   in	   the	  monospecific	  A.	   germinans	   zone,	  
including	  Miliolids	  (17-­‐34%)	  and	  Ammonia	  spp.	  (5-­‐15%).	  	  
The	  riverine	  R.	  mangle	  zone	  fringing	  an	  inland	  creek	  had	  low	  δ13C	  values	  of	  -­‐27.2	  ±	  0.4	  
(range:	  -­‐27.8	  to	  -­‐26.5)	  and	  high	  TOC	  (43.9	  ±	  1.9;	  range:	  41.5	  to	  47.9	  %)	  and	  C/N	  values	  
(28.3	  ±	  2.8;	  range:	  25.1	  to	  34.5).	  Agglutinated	  foraminifera	  such	  as	  Ammobaculites	  spp.	  
(9-­‐70%),	  Glomospira	  spp.	  (4-­‐37%),	  M.	  fusca	  (0-­‐32%)	  dominated	  this	  floral	  zone.	  	  
The	   riverine	  mixed	  mangrove	  stand,	  occupied	  by	  a	  mix	  of	  R.	  mangle,	  A.	  germinans,	   L.	  
racemosa	  had	  slightly	  higher	  δ13C	  values	  (-­‐26.9	  to	  -­‐25.2‰)	  and	  lower	  TOC	  (23.0	  to	  43.5)	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and	   C/N	   values	   (20.2	   to	   30.2)	   than	   the	   R.	   mangle	   environment.	   Agglutinated	  
foraminifera	   typical	  of	  mangrove	  environments	  decrease	   in	   relative	  abundance	   in	   this	  
zone.	  The	  dominant	  agglutinated	  taxa	  are	  Ammobaculites	  spp.	  (0-­‐72%)	  and	  Miliammina	  
fusca	   (0-­‐31%).	   Because	   the	   two	   riverine	   mangrove	   zones	   of	   the	   transect	   had	   similar	  
δ13C,	  TOC,	  and	  C/N	  characteristics,	   they	  were	  combined	  as	  one	   floral	   zone	   for	   further	  
statistical	  analysis.	  
4.4.2.3 Puerto del Mar Transect 
Two	  floral	  zones	  were	  sampled	  in	  the	  basin	  mangrove	  of	  Puerto	  del	  Mar	  Transect	  1	  (D–
Dʹ′,	   Fig	   4.1):	   the	   first	   occupied	   predominantly	   by	   R.	   mangle	   and	   a	   minor	   upland	  
vegetation	   component,	   including	   Coccoloba	   uvifera	   (Sea	   grape),	   and	   the	   second	  
occupied	   by	   a	   mixed	   floral	   assemblage	   typical	   of	   brackish	   environments	   including	   A.	  
germinans,	  L.	  racemosa,	  and	  A.	  aureum	   (Fig	  4.5).	  The	  R.	  mangle/upland	  zone	  had	  δ13C	  
values	  of	  -­‐28.1	  to	  -­‐27.4	  ‰,	  TOC	  values	  of	  29.2	  to	  36.0	  and	  C/N	  values	  of	  17.1	  to	  24.1.	  
Foraminifera	   in	   this	   zone	   were	   predominantly	   calcareous	   (80%)	   with	   dominant	   taxa	  
including	  Miliolids	  (36-­‐50%),	  Ammonia	  spp.	  (10-­‐12%)	  and	  Trichohyalus	  aguayoi	  (5-­‐11%).	  
This	  zone	  was	  excluded	  from	  further	  analysis	  due	  to	  small	  sample	  size	  (n=2)	  from	  the	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Figure	  4.3	  	  Transect	  A–A1	  at	  Sabana	  Seca.	  (A)	  Elevation	  profile	  of	  the	  transect	  and	  dominant	  plant	  species	  
present	  in	  floral	  zones;	  δ13C	  values	  (B),	  total	  organic	  carbon	  (TOC)	  (C),	  C/N	  ratios	  (C),	  and	  dominant	  
foraminifera	  taxa	  (D,	  E,	  F,	  G)	  from	  bulk	  surface	  sediment	  samples.	  See	  Section	  3.2	  for	  details	  of	  calculation	  
of	  measurement	  error.	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Figure	  4.4	  	  Espiritu	  Santo	  transects	  1	  and	  2	  (B–B1	  and	  C–C1).	  (A)	  Elevation	  profile	  of	  the	  transect	  and	  
dominant	  plant	  species	  present	  in	  floral	  zones;	  δ13C	  values	  (B),	  total	  organic	  carbon	  (TOC)	  (C),	  C/N	  ratios	  
(C),	  and	  dominant	  foraminifera	  taxa	  (D,	  E,	  F,	  G)	  from	  bulk	  surface	  sediment	  samples.	  See	  Section	  3.2	  for	  
details	  of	  calculation	  of	  measurement	  error.	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Figure	  4.5	  	  Transect	  D–D1	  at	  Puerto	  del	  Mar.	  (A)	  Elevation	  profile	  of	  the	  transect	  and	  dominant	  plant	  
species	  present	  in	  floral	  zones;	  δ13C	  values	  (B),	  total	  organic	  carbon	  (TOC)	  (C),	  C/N	  ratios	  (C),	  and	  
dominant	  foraminifera	  taxa	  (D,	  E,	  F,	  G)	  from	  bulk	  surface	  sediment	  samples.	  See	  Section	  3.2	  for	  details	  of	  
calculation	  of	  measurement	  error.	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floral	   zone	   and	   the	   presence	   of	   upland	   vegetation,	   which	   was	   likely	   related	   to	  
disturbance	  from	  nearby	  construction. 
The	  brackish	  zone	  had	  δ13C	  of	  -­‐29.2	  to	  -­‐28.6	  ‰,	  TOC	  of	  48.5	  to	  50.3	  and	  C/N	  values	  of	  
21.8	   to	  28.5.	   In	   this	  environment,	   thecamoebians	  were	   found	  abundantly	   (63%)	  along	  
with	   an	   agglutinated	   foraminiferal	   assemblage	   (e.g.,	   T.	   inflata:	   0-­‐43%	   and	  
Trochamminita	  irregularis:	  0-­‐25%).  
4.5 DISCUSSION 
4.5.1 Floral distribution and δ13C, TOC and C/N characteristics of vegetation 
and bulk surface sediments 
Of	  the	  type	  of	  mangrove	  stands	  described	  by	  Lugo	  and	  Snedaker	  (1974)	  for	  Florida	  and	  
other	   locations	   in	   the	   Caribbean,	   three	   of	   these	   types	   have	   a	   significant	   presence	   in	  
Puerto	  Rico	  (Lugo	  and	  Cintron,	  1975).	  Mangroves	  respond	  to	  wave	  energy,	  precipitation,	  
and	   river	   runoff	   (Lugo	   and	   Cintron,	   1975).	   Consequently,	   basin	   and	   riverine-­‐type	  
mangroves	  are	  dominant	  on	  the	  northern	  coast	  of	  Puerto	  Rico.	  These	  mangroves	  exhibit	  
distinct	  vertical	  ranges	  in	  elevation	  with	  respect	  to	  the	  tidal	  frame	  (Table	  1).	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Tidal	  flat	  environments	  are	  found	  at	  the	  lowest	  elevations	  of	  our	  study	  areas	  below	  MTL	  
(Table	  1).	  Tidal	  flats	  are	  inundated	  by	  most	  high	  tides	  and	  occur	  below	  the	  threshold	  for	  
mangrove	   vegetation	   to	   grow	   (Allen,	   2000;	   Edwards,	   2007).	   Mangroves,	   although	  
viviparous	   (i.e.,	   they	   germinate	   while	   attached	   to	   parent	   tree),	   are	   susceptible	   to	  
flooding	   effects	   at	   the	   seedling	   stage,	   where	   high	   concentrations	   of	   potentially	   toxic	  
ions	  (Na+	  and	  Cl-­‐)	  are	  carried	  in	  by	  tides	  (McKee,	  1995;	  Mendelssohn	  and	  McKee,	  2000).	  
Mangrove	  species	  occupy	  a	  range	  in	  elevation	  from	  mean	  low	  water	  (MLW)	  to	  highest	  
astronomical	   tide	   (HAT)	   (Fig	  4.6;	  Table	  1).	  The	  distribution	  of	  mangrove	  species	   in	  our	  
study	  sites	  exhibits	   similar	  vertical	   zonation	  as	   seen	  elsewhere	   in	   the	  Atlantic	   (Dawes,	  
1998),	  where	  R.	  mangle	  occupies	  lower	  elevations	  closest	  to	  shorelines	  or	  channels	  and	  
A.	   germinans	   and	   L.	   racemosa	   are	   found	   at	   higher	   elevations	   in	   the	   intertidal	   zone	  
(Davis,	   1940;	   Thom,	   1967;	   Twilley	   et	   al.,	   1996;	   Lara	   et	   al.,	   2006).	   Riverine	  mangroves	  
occupied	   by	  R.	  mangle	  occur	   at	   a	   range	   in	   elevation	   from	  MLW	   to	  mean	   high	  water	  
(MHW),	  and	  riverine	  mangroves	  occupied	  by	  a	  mixed	  stand	  of	  R.	  mangle,	  A.	  germinans,	  
and	  L.	   racemosa	   occur	  at	  a	   range	   in	  elevation	   from	  MHW	  to	  HAT.	  This	  distribution	  of	  
riverine	   mangroves,	   which	   occupy	   the	   seasonal	   floodplains	   along	   river	   and	   creek	  
drainages,	  is	  also	  observed	  in	  study	  areas	  throughout	  Florida	  and	  other	  locations	  in	  the	  
Caribbean,	  where	  this	  forest	  type	  is	  often	  fronted	  by	  a	  R.	  mangle	  fringe	  forest	  occupying	  
the	  slope	  of	  drainage	  ways	  and	  consists	  of	  straight-­‐trunked	  trees	  dominated	  by	  various	  
combinations	  of	  R.	  mangle,	  A.	  germinans	  and	  L.	  racemosa	  (Lugo	  and	  Snedaker,	  1974).	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We	  determined	  that	  basin	  mangroves	  occupied	  by	  monospecific	  stands	  of	  A.	  germinans	  
are	   present	   at	   elevations	   between	   mean	   higher	   high	   water	   (MHHW)	   and	   HAT,	   and	  
brackish	  basin	  mangroves	  occupied	  by	  A.	  germinans,	  L.	  racemosa,	  and	  A.	  aureum	  occur	  
at	   elevations	   greater	   than	  MHHW.	   In	   the	   Caribbean,	   basin	   mangrove	   stands	   exist	   in	  
inland	   topographic	   depressions,	   which	   are	   not	   flushed	   by	   all	   high	   tides	   (Lugo	   and	  
Snedaker,	   1974)	   due	   to	   their	   greater	   elevation.	   Depending	   on	   the	   stand	   location,	  
relative	   tidal	   activity	   and	   freshwater	   runoff,	   this	   forest	   type	  may	   experience	   seasonal	  
periods	  of	  hypersaline	  soil	  water,	  which	  can	  limit	  mangrove	  growth	  or	  induce	  mortality	  
(Cintron	  et	  al.	  1978).	  Under	  such	  extreme	  situations,	  the	  basin	  environment	  may	  contain	  
areas	   varying	   in	   size	   of	   succulent	   herbaceous	   halophytes	   (e.g.,	   B.	   maritima	   or	   S.	  
portulcastrum).	  Normally,	  A.	  germinans	  dominates	  forested	  mangrove	  basins,	  although	  
R.	  mangle	  and	  L.	  racemosa	  may	  also	  be	  present	  (Lugo	  and	  Snedaker,	  1974).	  Mangroves	  
are	  not	   obligate	  halophytes	   and	   can	   grow	   in	   freshwater	   environments	  when	   they	   are	  
not	  outcompeted	  by	  flora	  better	  adapted	  to	  that	  niche	  (Twilley	  et	  al.,	  1996).	  In	  our	  study	  
area,	   we	   observed	   the	  mangrove	   species	  A.	   germinans	   and	   L.	   racemosa	  persisting	   in	  
brackish	   conditions,	   usually	   in	   association	   with	   the	   brackish	   to	   freshwater	   fern,	   A.	  
aureum.	   This	   observation	   is	   consistent	   with	   the	   distribution	   of	   A.	   aureum	   elsewhere	  
(Vietnam)	  where	  it	  is	  only	  flooded	  by	  spring	  high	  tides	  (i.e.,	  above	  MHHW;	  van	  Loon	  et	  
al.,	  2007).	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Freshwater	  swamps	  occupied	  by	  P.	  officinalis	  and	  A.	  aureum	  exist	  at	  elevations	  greater	  
than	  HAT	  in	  our	  study	  area.	  P.	  officinalis	  swamps	  occur	  over	  a	  much	  smaller	  areal	  extent	  
than	   before	   European-­‐occupation	   of	   Puerto	   Rico	   (van	   der	  Molen,	   2002).	  P.	   officinalis	  
swamps	   dominated	   much	   of	   the	   northern	   coastal	   plain,	   until	   they	   were	   extensively	  
cleared	   for	   agricultural	   use	   (Woodbury,	   1978;	   Eusse	   and	   Aide,	   1999).	   Therefore,	   P.	  
officinalis	  may	  be	  better	  represented	  in	  sedimentary	  archives	  than	  observations	  of	  their	  
modern	  areal	  distribution	  would	  suggest.	  While	  P.	  officinalis	  thrives	   in	  fully	  freshwater	  
conditions,	   the	   species	   can	  periodically	   tolerate	   low	   salinity	   levels	   (<2	  ppm),	   although	  
drastic	   increases	   in	   salinity	   up	   to	   10	   ppm	   significantly	   reduces	   tree	   biomass	   and	  
increases	  mortality	  rates	  (Rivera-­‐Ocasio	  et	  al.,	  2007).	  P.	  officinalis	  has	  been	  observed	  to	  
grow	   in	   association	   with	   (or	   behind,	   relative	   to	   the	   shoreline)	   basin	   mangrove	  
environments	  in	  Puerto	  Rico	  (Rivera-­‐Ocasio	  et	  al.,	  2007).	  
4.5.1.1 Modern plants 
There	   are	   distinct	   ranges	   of	   δ13C	   and	   C/N	   values	   observed	   among	   plant	   components	  
(e.g.	   roots	   vs.	   leaves/herbaceous	   vegetation	   vs.	   wood)	   and	   habitat	   type	   (e.g.	  
emergent/terrestrial	  vs.	  aquatic/marine)	  that	  are	  consistent	  with	  mangrove	  leaves	  and	  
detritus,	  macroalgae,	   and	   seagrass	   reported	  elsewhere	   in	   the	  Caribbean	   (Nagelkerken	  
and	  van	  der	  Velde,	  2004;	  Gonneea	  et	  al.,	  2004)	  (Appendix	  A1).	  Mangrove	  roots	  ranged	  
in	  δ13C	   from	   -­‐28.5	   to	   -­‐24.5	  ‰	  and	  C/N	   from	  45.3	   to	  96.5.	  Mangrove	  and	  Pterocarpus	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leaves	  had	  δ13C	  values	  ranging	  from	  -­‐32.2	  to	  -­‐27.9	  ‰	  and	  C/N	  values	  from	  14.5	  to	  54.3.	  
Herbaceous	  vegetation	  fell	  into	  a	  similar	  range	  with	  δ13C	  values	  of	  -­‐29.7	  to	  -­‐26.1	  ‰	  and	  
C/N	  of	  23.6	   to	  43.9.	  Wood	  values	  had	   similar	  δ13C	  values	   (-­‐30.8	   to	   -­‐24.1	  ‰)	   to	   roots,	  
although	  occurring	  over	  a	  much	  greater	  range	  (due	  mostly	  to	  higher	  values)	  of	  C/N	  (29.3	  
to	   483.6).	   Variations	   in	   the	   relative	   proportions	   of	   biochemicals	   (e.g.,	   lipids,	   lignin,	  
cellulose,	  tannins)	  in	  these	  plant	  types	  may	  account	  for	  differences	  in	  their	  δ13C	  and	  C/N	  
values	  (Benner	  et	  al.,	  1990;	  Smallwood	  et	  al.,	  2003;	  Kristensen	  et	  al.,	  2008;	  Vane	  et	  al.,	  
2013).	   Smallwood	  et	   al.	   (2003)	   showed	   that	   the	   lipid	   fraction	   (-­‐29.8	  ‰)	  of	  R.	  mangle	  
leaves	  was	  depleted	  in	  δ13C	  relative	  to	  bulk	  leaf	  material	  (-­‐28.7	  ‰).	  The	  relatively	  high	  
lipid	  content	  in	   leaves	  of	  all	  species	  compared	  to	  roots	  and	  wood	  may	  account	  for	  the	  
slightly	  lower	  δ13C	  values	  (Vane	  et	  al.,	  2013).	  In	  addition,	  the	  much	  greater	  proportion	  of	  
N-­‐devoid	   lignin	   in	  wood	  and	  pneumatophores	   compared	   to	   leaves	   (Vane	  et	   al.,	   2013)	  
may	  explain	  the	  much	  greater	  C/N	  values	  of	  wood	  and	  roots	  relative	  to	  leaves.	  	  
Differences	  in	  marine	  (seagrass	  and	  algae)	  and	  terrestrial	  (mangrove,	  Pterocarpus,	  and	  
associated	  herbaceous	  vegetation)	  end-­‐member	  δ13C	  values	  can	  be	  explained	  by	  how	  
these	  plant	  types	  fix	  C	  during	  photosynthesis.	  Aquatic	  vegetation	  in	  the	  marine	  realm	  
must	  utilize	  HCO3-­‐	  (0	  ‰)	  when	  dissolved	  CO2	  (-­‐8	  ‰)	  levels	  are	  low,	  which	  combined	  
with	  slower	  rates	  of	  CO2	  diffusion	  in	  water,	  results	  in	  higher	  δ13C	  values	  relative	  to	  
terrestrial	  plants.	  Algae	  and	  seagrasses	  had	  comparably	  lower	  C/N	  values	  due	  to	  a	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smaller	  proportion	  of	  structural	  carbohydrates	  and	  greater	  amounts	  of	  protein	  (N-­‐rich)	  
(Prado	  and	  Heck,	  2011;	  Vane	  et	  al.,	  2013).	  
4.5.1.2 Surface sediments 
We	   characterized	   sediment	   δ13C,	   TOC,	   and	   C/N	   of	   the	   vertically	   zoned	   floral	   groups	  
described	  in	  5.1	  and	  tested	  whether	  there	  are	  statistically	  significant	  differences	  among	  
groups	  on	  the	  basis	  of	  their	  sediment	  chemistry.	  Tidal	  flat	  sediments	  had	  δ13C	  values	  of	  -­‐
18.2	  ±	  2.7	  ‰	  (mean	  ±	  1	  s.d.),	  TOC	  values	  of	  11.0	  ±	  6.1,	  and	  C/N	  values	  of	  12.6	  ±	  3.3	  that	  
were	  distinct	  from	  both	  the	  mangrove,	  brackish,	  and	  freshwater	  floral	  zones	  (Table	  1).	  
Tidal	  flat	  values	  reflect	  the	  greater	  amounts	  of	  marine	  end-­‐member	  (marine	  algae	  and	  
seagrass)	  contribution	  to	  its	  sediments	  (Fig	  4.2)	  and	  greater	  minerogenic	  sedimentation,	  
indicated	  by	  low	  TOC	  values.	  In	  low	  latitudes,	  cyanobacteria	  or	  blue-­‐green	  algae	  grow	  in	  
mats	  in	  the	  upper	  part	  of	  the	  tidal	  flat	  zone	  that	  protect	  the	  sediment	  surface	  from	  wind	  
or	  wave	  action	  (Davis	  and	  FitzGerald,	  2004),	  and	  influence	  sediment	  δ13C,	  TOC,	  and	  C/N	  
values	  in	  tidal	  flats	  at	  our	  study	  sites.	  Seagrass	  beds	  (present	  at	  the	  Jobos	  Bay	  study	  site)	  
may	  incorporate	  significant	  amounts	  of	  organic	  matter	  into	  tidal	  flat	  sediments	  (Bouillon	  
et	  al.,	  2007),	  contributing	  to	  relatively	  higher	  TOC	  and	  C/N	  values	  than	  observed	  at	  the	  
Espiritu	  Santo	  site.	  Likewise,	  mangrove	  detritus	  may	  be	  exported	  to	  nearshore	  tidal	  flat	  
environments	   (visually	  observed	  at	   the	  Naguabo	  study	  site),	  causing	  a	  similar	  effect	   in	  
TOC	  and	  C/N	  values	  (Hemminga	  et	  al.,	  1994).	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Mangrove	  environments	  had	  δ13C	  values	  of	   -­‐26.7	  ±	  1.1	  ‰,	  TOC	  values	  of	  33.4	  ±	  12.1,	  
and	   C/N	   values	   of	   24.1	   ±	   5.4,	   which	   were	   distinct	   from	   tidal	   flat,	   brackish,	   and	  
freshwater	   zones	   (Table	   1).	  Mangrove	   sediments	   fall	   between	   the	   range	  of	  measured	  
marine	  and	  terrestrial	  end-­‐members	  (Fig	  4.2),	  due	  to	  a	  combination	  of	  significant	  import	  
of	  marine	   organic	  matter	   and/or	   export	   of	  mangrove	   litter	   fall	   (Bouillion	   et	   al.,	   2011)	  
and	  degradation	  of	  mangrove	   litter	   on	   the	   sediment	   surface	   (Kristensen	  et	   al.,	   2008).	  
The	   riverine	   zone	   dominated	   by	   R.	   mangle,	   A.	   germinans,	   and	   L.	   racemosa	   had	   δ13C	  
values	  of	   -­‐27.2	  ±	  0.4	  ‰,	  TOC	  values	  of	  43.9	  ±	  1.9,	   and	  C/N	  values	  of	  28.3	  ±	  2.8.	  δ13C	  
values	   of	   this	   floral	   zone	  were	   distinct	   from	   all	   others,	   although	   TOC	   and	   C/N	   values	  
shared	  similarities	  to	  brackish	  and	  freshwater	  zones	  and	  the	  monospecific	  A.	  germinans	  
stand,	  respectively	  (Table	  4.1).	  In	  riverine	  mangroves,	  low	  surface	  water	  flow	  velocities	  
minimize	  scouring	  and	  redistribution	  of	  litterfall	  (Lugo	  and	  Snedaker,	  1974).	  In	  addition,	  
freshwater	   runoff	   from	   land	   reduces	   salinity	   and	   carries	   abundant	   mineral	   nutrients	  
required	   for	   plant	   growth,	   which	   causes	   riverine	   mangrove	   forests	   to	   represent	   the	  
most	   productive	   forest	   type	   (Pool	   et	   al.	   1977;	   Gilmore	   and	   Snedaker,	   1993).	  
Consequently,	  sediment	  TOC	  values	  are	  high	  in	  this	  environment	  type,	  and	  δ13C	  and	  C/N	  
values	   resemble	   a	   combination	   of	   litterfall	   and	   root	   ingrowth	   (particularly	   in	  
Rhizophora-­‐dominated	  zones	  closest	  to	  rivers/creeks)	  from	  in	  situ	  mangrove	  vegetation.	  
Terrestrial	   runoff	  carried	   in	  rivers	  may	  be	  deposited	   in	  this	  environment,	  but	  δ13C	  and	  
C/N	  values	  from	  this	  source	  (generally	  degraded	  plant	  detritus;	  Lamb	  et	  al.,	  2006)	  would	  
likely	  not	  vary	  significantly	  from	  mangrove	  detritus.	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Basin	  mangrove	   stands	   varied	   from	  one	   another	   in	   their	   sediment	   geochemistry.	   The	  
monospecific	  A.	  germinans	  stand	  had	  δ13C	  values	  of	  -­‐24.8	  ±	  0.3	  ‰,	  TOC	  values	  of	  11.7	  ±	  
3.2,	  and	  C/N	  values	  of	  14.7	  ±	  1.6,	  while	  the	  mixed	  species	  stand	  existing	  under	  brackish	  
conditions	  had	  δ13C	  values	  of	  -­‐28.7	  ±	  0.7	  ‰,	  TOC	  values	  of	  38.3	  ±	  11.7,	  and	  C/N	  values	  of	  
22.1	   ±	   3.8.	   δ13C	   values	   of	   the	  monospecific	  A.	   germinans	   zone	  were	   distinct	   from	   all	  
other	  floral	  zones,	  although	  its	  TOC	  and	  C/N	  values	  only	  differed	  from	  the	  brackish	  and	  
freshwater	  zones	  (Table	  1).	  The	  brackish	  floral	  zone	  had	  similar	  δ13C	  and	  TOC	  values	  to	  
the	   riverine	  mixed	   stand	   and	   freshwater	   zones,	   but	   was	   distinct	   from	   all	   other	   floral	  
zones	  on	  the	  basis	  of	  C/N	  values	  and	  the	  ratio	  of	  foraminifera	  to	  thecamoebians	  (Table	  
1).	  At	  Espiritu	  Santo,	  the	  relatively	  young,	  high	  salinity,	  monospecific	  A.	  germinans	  stand	  
receives	   greater	   import	   of	   allochthonous	   marine	   organic	   matter	   due	   to	   its	   closer	  
proximity	   and	   connection	   to	   the	   shoreline.	   In	   addition,	   this	   immature	   stand	   (smaller	  
tree	  height	  and	  basal	  diameter	  of	   trees,	   and	   thus	  overall	   biomass)	   inputs	   less	  organic	  
matter	  via	  litterfall	  to	  sediments	  (Pool	  et	  al.,	  1975;	  1977;	  Saenger	  and	  Snedaker,	  1993).	  
Consequently,	   the	   litter	   that	   does	   accumulate	  on	   the	   surface	  may	   rapidly	   decompose	  
due	  to	  enhanced	  rates	  of	  microbial	  respiration	  promoted	  by	  the	  high	  nutrient	  quality	  of	  
marine	   allochthonous	   organic	   matter	   transported	   to	   this	   environment	   (Mitch	   and	  
Gosselink,	  2007).	   	   In	  contrast,	  the	  mature,	   low	  salinity	  (brackish),	  mixed	  species	  stands	  
at	  Puerto	  del	  Mar	  and	  Sabana	  Seca	  likely	  introduces	  greater	  amounts	  of	  organic	  matter	  
to	   sediments	   via	   litterfall,	   with	   little	   marine	   organic	   matter	   import	   due	   to	   greater	  
protection	   from	   the	   coast.	   Thus,	   sediment	   δ13C,	   TOC,	   and	   C/N	   values	   in	   this	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environment	   type	  primarily	   reflect	   in	   situ	  organic	  matter	   rather	   than	   a	  mix	  of	  marine	  
and	  terrestrial	   sources.	  The	  dark,	   tannin-­‐stained	  waters	  present	   in	   the	  Puerto	  del	  Mar	  
and	  Sabana	  Seca	  basin	  forest	  suggest	  that	  in	  these	  sheltered	  environments,	  the	  majority	  
of	   organic	  matter	   is	   exported	   in	   a	   very	   fine	   particulate	   or	   dissolved	   form,	   composed	  
notably	  of	  non-­‐lignocellulosic	  carbohydrates,	  tannins,	  and	  phenolic	  compounds	  (Benner	  
et	  al.,	  1986;	  Neilson	  and	  Richards,	  1989;	  Gilmore	  and	  Snedaker,	  1993;	  Vane	  et	  al.,	  2013).	  
The	  freshwater	  swamp	  had	  δ13C	  values	  of	  -­‐28.4	  ±	  0.4	  ‰,	  TOC	  values	  of	  43.4	  ±	  4.9,	  and	  
C/N	  values	  of	  17.4	  ±	  1.7,	   values	  near	   identical	   to	   the	  brackish	   floral	   zone.	  Freshwater	  
swamps	  are	  characterized	  by	  a	  terrestrial	  organic	  matter	  source	  (with	  little	  to	  no	  marine	  
organic	  matter	  import)	  and	  minimal	  minerogenic	  sedimentation;	  TOC	  values	  of	  this	  zone	  
are	  similar	  to	  the	  value	  of	  bulk	  terrestrial	  plant	  matter	  (~40),	  which	  suggests	  sediments	  
are	   nearly	   entirely	   composed	   of	   this	   source.	   Variations	   in	   microbial	   community	  
structure,	   resulting	   from	   changes	   in	   salinity	   and	   nutrients,	   likely	   exist	   between	  
freshwater	  swamps	  and	  saline	  to	  brackish	  mangroves	  (as	  well	  as	  within	  mangrove	  types)	  
(Alongi	  et	  al.,	  1993;	  Ikenaga	  et	  al.,	  2009),	  which	  can	  affect	  the	  biochemical	  processing	  of	  
detritus	  and	  soil	  organic	  matter	   in	  each	  environment	  type	  and	  the	  resulting	  δ13C,	  TOC,	  
and	  C/N	  values	  (Holguin	  et	  al.,	  2001;	  Kristensen	  et	  al.,	  2008).	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4.5.2 Utility of δ13C, TOC and C/N and foraminifera in Holocene RSL 
reconstruction 
Patterns	  and	  rates	  of	  RSL	  change	  through	  time	  can	  be	  inferred	  from	  regional	  collations	  
of	  sea-­‐level	   index	  points,	  which	   indicate	  the	  unique	  position	  of	  RSL	   in	  time	  and	  space.	  
The	  vertical	  component	  of	  an	  index	  point	  is	  estimated	  using	  the	  indicative	  meaning	  of	  a	  
sea-­‐level	  indicator,	  which	  describes	  the	  relationship	  of	  the	  indicator	  to	  a	  tidal	  level	  (e.g.,	  
MTL,	   MHW)	   using	   the	   mid-­‐point	   (reference	   water	   level)	   and	   range	   over	   which	   the	  
indicator	  is	  found	  (indicative	  range).	  	  
Foraminifera	   are	   widely	   used	   sea-­‐level	   indicators	   in	   temperate	   regions	   because	   their	  
distribution	  reflects	  the	  preferences	  and	  tolerances	  of	  different	  species	  to	  the	  frequency	  
and	  duration	  of	  tidal	  inundation	  (Scott	  and	  Medioli,	  1978;	  Horton	  et	  al.,	  1999;	  Kemp	  et	  
al.,	  2009a).	  PAM	  cluster	  analysis	   identified	  three	  foraminiferal	  groups	   in	  the	  combined	  
dataset	   (Fig	  4.7;	  Table	  2),	  but	  problems	  arise	  with	   their	  vertical	  distribution.	  Typically,	  
such	  a	  foraminiferal	  assemblage	  to	  group	  PR1	  would	  be	  considered	  marine	  limiting	  (i.e.,	  
the	  former	  position	  of	  sea	  level	  must	  have	  been	  above	  the	  altitude	  of	  the	  sample	  at	  the	  
time	  of	  deposition;	  Engelhart	  et	  al.,	  2011).	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Figure	  4.6	  (A)	  Comparison	  of	  δ13C	  and	  C/N	  values	  from	  modern	  and	  core	  bulk	  organic	  sediment.	  Shaded	  
boxes	  represent	  the	  range	  of	  δ13C	  and	  C/N	  values	  from	  modern	  sediments	  of	  the	  dominant	  floral	  zones.	  
Core	   sediment	  δ13C	  and	  C/N	  values	  are	  plotted	  as	  open	  circles.	   (B)	  Comparison	  of	  δ13C	  and	  TOC	  values	  
from	  modern	  and	  core	  bulk	  organic	  sediment.	  Shaded	  boxes	  represent	  the	  range	  of	  δ13C	  and	  TOC	  values	  
from	  modern	  sediments	  of	  the	  dominant	  floral	  zones.	  Core	  sediment	  δ13C	  and	  TOC	  values	  are	  plotted	  as	  
open	   circles.	   (C)	   Modern	   samples	   positioned	   on	   the	   first	   two	   discriminant	   axes	   based	   on	   linear	  
discriminant	  analysis	  of	  δ13C,	  TOC,	  C/N	  and	  the	  ratio	  of	  foraminifera	  to	  thecamoebians	  (F/T).	  Samples	  are	  
divided	   into	   four	   floral	   zones	   (tidal	   flat,	  mangrove,	  brackish	  and	   freshwater).	  Position	  of	  δ13C,	  TOC,	  C/N	  
and	  F/T	  are	   shown	  on	   the	  discriminant	  axes.	   (C)	  The	  elevation	  of	  δ13C,	  TOC,	  C/N	  and	  F/T-­‐defined	   floral	  
zones	   identified	  at	   the	   study	   sites.	  Elevations	  are	  expressed	   relative	   to	   local	  mean	   tide	   level	   (MTL)	  and	  
tidal	  datums	  are	  shown	  for	  reference.	  HAT,	  highest	  astronomical	  tide;	  MHHW,	  mean	  higher	  high	  water;	  
MHW,	  mean	  high	  water;	  MTL,	  mean	  tide	  level.	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Figure	   4.7	   Distribution	   of	   foraminifera	   taxa.	   (A)	   Relative	   abundance	   of	   dead	   foraminifera	   from	   all	  
transects.	   Codes	   to	   refer	   to	   transect	   (PCS11	   =	   Sabana	   Seca;	   BC10	   =	   Espiritu	   Santo	   Transect	   1;	   BC11	   =	  
Espiritu	  Santo	  Transect	  2;	  PDM	  =	  Puerto	  del	  Mar)	  and	  sampling	  station	  number.	  PAM	  cluster	  analysis	  sub-­‐
divides	   the	   data	   into	   three	   groups,	   PR1	   (black	   bars),	   PR2	   (light	   grey	   bars)	   and	   PR3	   (dark	   grey	   bars).	  
Silhouette	  plot	  for	  PAM	  clustering	  of	  foraminiferal	  samples	  partitioned	  into	  three	  groups.	  The	  silhouette	  
plot	  shows	  widths	  between	  −1	  and	  1,	  where	  values	  close	   to	  −1	   indicate	  that	  a	  sample	  does	  not	   fit	  well	  
within	  a	  group	  and	  values	  close	  to	  1	  indicate	  that	  a	  sample	  was	  assigned	  to	  an	  appropriate	  group.	  (B)	  The	  
elevation	  of	  foraminiferal	  groups	   identified	  by	  PAM	  cluster	  analysis.	  Elevations	  are	  expressed	  relative	  to	  
local	  mean	   tide	   level	   (MTL)	   and	   tidal	   datums	   are	   shown	   for	   reference.	  HAT,	   highest	   astronomical	   tide;	  
MHHW,	  mean	  higher	  high	  water;	  MHW,	  mean	  high	  water;	  MTL,	  mean	  tide	  level.	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However,	   because	   calcareous	   foraminifera	   were	   found	   at	   elevations	   above	   MHHW	  
(likely	  due	  to	  transport	  during	  storms),	  group	  PR1	  had	  no	  bearing	  on	  the	  former	  position	  
of	  RSL.	   Calcareous	   foraminifera	   are	  present	   in	  much	  higher	   concentrations	   in	  mudflat	  
environments	  than	  organic-­‐rich	  mangrove	  sediments	  (Culver,	  1990;	  Wang	  and	  Chappell,	  
2001;	  Horton	  et	  al.,	  2003;	  Woodroffe	  et	  al.,	  2005).	  Low	  production	  rates	  of	  agglutinated	  
tests	   observed	   in	   mangroves	   (Debenay	   et	   al.,	   2002)	   would	   allow	   the	   abundance	   of	  
agglutinated	  tests	   to	  be	  easily	  masked	  by	  calcareous	   tests	   if	   they	  were	   transported	  to	  
the	  mangrove	   surface	   in	   comparable	   concentrations	   as	   observed	   in	  mudflat	   settings.	  
Due	   to	   these	  problems,	  we	  were	  not	  able	   to	  use	  modern	   foraminiferal	  distribution	   to	  
interpret	   the	   fossil	   record.	  However,	   the	   ratio	   of	   total	   foraminifera	   to	   thecamoebians	  
was	  able	  to	  discern	  between	  mangrove,	  brackish,	  and	  freshwater	  floral	  zones,	  and	  was	  
used	   along	   with	   δ13C,	   TOC,	   and	   C/N	   values	   to	   interpret	   paleomangrove	   elevation	  
change.	  
In	  contrast	  to	  foraminiferal	  groups,	  floral	  zones	  with	  distinct	  δ13C,	  TOC,	  and	  C/N	  values	  
were	   vertically	   zoned	   (Fig.	   4.5);	   therefore,	   we	   were	   able	   to	   use	   linear	   discriminant	  
analysis	   on	   δ13C,	   TOC,	   and	   C/N	   values	   along	   with	   the	   ratio	   of	   foraminifera	   to	  
thecamoebians	  to	  recognize	  changes	  in	  paleomangrove	  elevation	  in	  sediment	  core	  BC7	  
(Kemp	  et	  al.,	  2012a).	  Linear	  discriminant	  functions	  (LDFs)	  assign	  observations	  to	  one	  of	  n	  
pre-­‐specified	   classes	   (Venables	   and	  Ripley,	   2002).	  We	  developed	   two	   training	   sets	   for	  
LDFs	   based	   on	   the	   way	   in	   which	   we	   classified	   the	   data.	   In	   the	   first	   training	   set,	   the	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classes	  used	  were	  the	  environment	  types	  described	  in	  Section	  4.3.3,	  consisting	  of	  tidal	  
flat,	  mangrove,	  brackish	  transition,	  and	  freshwater	  environments.	  In	  the	  second	  training	  
set,	  we	   used	   the	   further	   subdivided	   floral	   zones	   to	   include	   tidal	   flat,	  monospecific	  A.	  
germinans,	   riverine	   mixed	   stand,	   brackish,	   and	   freshwater	   zones.	   The	   position	   of	  
modern	   samples	   on	   a	   plot	   of	   the	   first	   two	   linear	   discriminants	   (Fig	   4.6c)	   confirms	  
separation	   of	   the	   environment	   types.	   In	   the	   first	   training	   set,	   samples	  were	   correctly	  
allocated	   in	  53	  of	  53	  cross-­‐validation	  tests	  with	  an	  error	  rate	  of	  <	  0.05.	  Allocation	  was	  
slightly	  less	  accurate	  in	  the	  second	  training	  set,	  although	  the	  error	  rate	  remained	  at	  the	  
<	  0.05	  level,	  with	  51	  of	  53	  samples	  assigned	  to	  the	  correct	  group.	  
Without	   supporting	   microfossil	   information	   from	   the	   F/T	   ratio,	   δ13C,	   TOC,	   and	   C/N	  
values	  are	  still	  able	  to	  differentiate	  among	  floral	  zones,	  but	  with	  a	  loss	  in	  confidence	  of	  
the	   accuracy	   of	   the	   reconstruction	   at	   the	   transitional	   boundary	   between	   mangrove,	  
brackish	  transition	  and	  freshwater	  floral	  zones.	  To	  demonstrate	  this	  point,	  we	  compiled	  
a	  training	  set	  that	  excluded	  the	  F/T	  ratio	  from	  the	  set	  of	  variables	  for	  analysis.	  A	  cross-­‐
validation	  test	  of	  the	  training	  set	  demonstrated	  the	  loss	  of	  accuracy,	  with	  the	  error	  rate	  
increasing	  to	  0.12	  with	  the	  exclusion	  of	  the	  F/T	  data.	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4.5.2.1 Estimating paleomangrove elevation using discriminant analysis of δ13C, 
TOC, C/N, and F/T training sets 
Core	  BC7	   serves	  as	  an	   ideal	   core	   to	   test	   the	  δ13C,	   TOC,	   and	  C/N-­‐based	  proxy	  because	  
foraminifera	   and	   in	   situ	   plant	   macrofossils	   (which	   clearly	   establish	   the	   floral	   zone	   in	  
which	   sediments	   were	   deposited)	   are	   preserved	   throughout	   the	   core	   to	   enable	  
comparison	  among	  all	  proxy	  types.	  Core	  BC7	  contains	  three	  lithologic	  units.	  The	  base	  of	  
the	   core	   from	  1.70	   to	   1.40	  m	   is	   a	  mud	  unit	   composed	   primarily	   of	   clay	   and	   silt-­‐sized	  
particles	  with	  shells	  and	  fine	  roots,	   indicative	  of	  a	   tidal	   flat	  setting.	  This	  unit	  has	  δ13C	  
values	  ranging	  between	  -­‐23.8	  to	  -­‐18.5	  ‰,	  TOC	  ranging	  from	  6.9	  to	  18.1	  and	  C/N	  ranging	  
between	   14.3	   and	   19.4.	   The	   foraminifera	   are	   composed	   of	   a	   100%	   calcareous	  
assemblage. 	  	  
The	  mid	  section	  of	  the	  core,	  from	  1.39	  to	  1.24	  m	  is	  composed	  of	  a	  transitional	  organic-­‐
rich	  mud	  with	  large	  wood	  and	  shell	  fragments.	  In	  this	  unit,	  δ13C	  sharply	  decreased	  to	  
values	  between	  -­‐26.5	  and	  -­‐23.7	  ‰,	  TOC	  ranged	  from	  6.9	  to	  18.1,	  and	  C/N	  values	  fell	  
between	  14.3	  and	  19.4	  (Fig	  4.8).	  Foraminifera	  in	  this	  unit	  are	  dominated	  by	  calcareous	  
taxa,	  including	  Ammonia	  spp.	  (4.8	  to	  14.9%),	  Bolivina	  spp.	  (13	  to	  15%),	  and	  Miliolids	  
(13.7	  to	  17.4%).	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The	  upper	  1.24	  m	  of	  the	  core	  is	  muddy	  mangrove	  peat	  derived	  primarily	  from	  R.	  mangle	  
detritus,	  identified	  by	  its	  coarse,	  fibrous	  texture,	  presence	  of	  fine	  and	  penetrating	  prop	  
roots,	  and	  distinct	  red	  color	  (Davis,	  1940;	  Scholl	  and	  Stuiver,	  1967).	  δ13C	  values	  in	  this	  
unit	  ranged	  from	  -­‐27.5	  to	  -­‐25.6	  ‰,	  TOC	  values	  varied	  from	  28.2	  to	  47.4%,	  and	  C/N	  
ranged	  from	  20.2	  to	  39.0.	  In	  contrast	  to	  δ13C,	  TOC,	  and	  C/N	  values,	  foraminiferal	  
assemblages	  changed	  within	  the	  peat	  unit.	  From	  1.23	  to	  0.67	  m	  a	  calcareous	  
assemblage	  of	  Ammonia	  spp.	  (0	  to	  29.4%),	  Bolivina	  spp.	  (0	  to	  28.8%),	  and	  Miliolids	  (10	  
to	  23.5%)	  was	  present.	  A	  shift	  in	  foraminiferal	  assemblages	  occurred	  around	  0.66	  m	  
with	  agglutinated	  taxa	  Ammobaculites	  spp.	  (3	  to	  70%),	  T.	  inflata	  (0	  to	  28.6%),	  and	  
Glomospira	  spp.	  (0	  to	  9.9%),	  typical	  of	  organic-­‐rich	  mangrove	  peats,	  becoming	  
dominant.	  	  
The	  absence	  of	  agglutinated	  foraminifera	  in	  core	  BC7	  illustrates	  an	  additional	  
complication	  of	  the	  use	  of	  mangrove	  foraminifera	  in	  sea-­‐level	  reconstruction	  associated	  
with	  selective	  preservation	  of	  calcareous	  foraminiferal	  tests.	  Agglutinated	  foraminifera	  
may	  be	  lost	  from	  sediments	  due	  to	  microbial	  degradation	  of	  organic	  cements	  holding	  
tests	  together	  (Wang	  and	  Chappell,	  2001;	  Woodroffe	  et	  al.,	  2005).	  Although	  the	  exact	  
composition	  of	  organic	  linings	  and	  cements	  may	  vary	  slightly	  among	  species,	  they	  are	  
primarily	  composed	  of	  protein	  and	  mucopolysaccharides	  (tectin),	  labile	  compounds	  that	  
are	  readily	  degraded	  in	  sediments	  (Hendley,	  1967;	  Boltovskoy	  et	  al.,	  1973;	  Lee	  et	  al.,	  
1990;	  Seears,	  2011;	  Khailhearta	  et	  al.,	  2013).	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Because	  bulk	  peat	  material	  is	  mainly	  composed	  of	  lignocellulosic	  compounds	  more	  
resistant	  to	  decay	  (Benner	  et	  al.,	  1987;	  Benner	  et	  al.,	  1991;	  Henrichs,	  1992;	  Hedges	  and	  
Oades,	  1997),	  the	  relative	  susceptibility	  of	  agglutinated	  tests	  and	  bulk	  peat	  substrate	  to	  
decay	  may	  explain	  the	  discrepancies	  in	  the	  proxies	  at	  the	  base	  of	  the	  peat	  unit.	  
LDFs	  developed	  from	  the	  two	  training	  sets	  were	  applied	  to	  core	  samples	  to	  estimate	  the	  
probability	   that	  each	   sample	  belonged	   to	  each	  of	   the	   specified	   floral	   zones.	  Following	  
Kemp	  et	  al.	   (2012a),	   samples	  were	  allocated	   to	  a	   single	  environment	   type	  when	   their	  
probability	  exceeded	  0.95.	  Using	  the	  first	  training	  set,	  56	  samples	  were	  assigned	  to	  the	  
mangrove	  environment	  and	  4	  samples	  were	  assigned	  to	  the	  tidal	   flat	  environment;	  no	  
samples	  were	  allocated	  to	  the	  brackish	  transition	  or	  freshwater	  environments	  (Fig	  4.8).	  
From	  1.40	  to	  1.55	  m	  depth	  in	  the	  core	  along	  the	  lithologic	  contact	  between	  mangrove	  
peat	   and	   rooted,	   shelly	   mud,	   13	   samples	   were	   associated	   with	   both	   tidal	   flat	   and	  
mangrove	   environments.	   Paleomangrove	   elevation	   (PME)	   of	   samples	   associated	   with	  
both	  of	  these	  environments	  was	  estimated	  by	  combining	  the	  range	  in	  elevation	  of	  each	  
floral	   zone.	   Using	   the	   second	   training	   set,	   35	   samples	   were	   assigned	   to	   the	   riverine	  
mixed	   stand,	  6	   samples	  were	  assigned	   to	   the	  monospecific	  Avicennia	  zone,	  2	   samples	  
were	  assigned	  to	  the	  tidal	  flat	  zone,	  15	  samples	  were	  assigned	  to	  both	  monospecific	  A.	  
germinans	  and	  riverine	  mixed	  stand	  groups,	  and	  15	  samples	  were	  assigned	  to	  both	  A.	  
germinans	   and	   tidal	   flat	   groups.	   Again,	   no	   samples	   were	   allocated	   the	   brackish	  
transition	   or	   freshwater	   environments	   (Fig	   4.8).	   Paleomangrove	   elevation	   (PME)	   of	  
CHAPTER	  4	  
	   140	  
samples	  was	  estimated	  in	  two	  ways:	  (1)	  using	  the	  mean	  and	  standard	  deviation	  of	  the	  
modern	  measured	  range	  of	  each	  floral	  zone	  to	  which	  LDFs	  assigned	  the	  sample,	  and	  (2)	  
using	  the	  full	  range	  in	  elevation	  of	  the	  associated	  floral	  zones	  (Table	  4.1;	  Fig	  4.8).	  
Linear	  discriminant	  analysis	  highlights	  strengths	  and	  weaknesses	  of	  the	  use	  of	  δ13C,	  TOC,	  
C/N	  and	  F/T	  training	  sets	  in	  paleomangrove	  elevation	  reconstruction.	  A	  benefit	  to	  using	  
linear	   discriminant	   functions	   (LDFs)	   is	   that	   they	   provide	   a	   more	   robust	   approach	   to	  
assess	   correspondence	   between	  modern	   and	   core	   δ13C,	   TOC	   and	   C/N	   values	   than	   by	  
simple	   qualitative	   comparison	   of	   the	   modern	   ranges	   to	   core	   values	   (e.g.,	   Fig	   4.6a,b;	  
Wilson	   et	   al.,	   2005).	   LDFs	  were	   unable	   to	   confidently	   assign	   core	   samples	   to	   a	   single	  
group	  along	  the	  transition	  from	  tidal	  flat	  to	  mangrove	  environments	  from	  1.6	  to	  1.4	  m	  in	  
the	  core	  and	  consequently	  provided	  no	  constraint	  of	  PME	  within	  this	  interval.	  	  The	  lack	  
of	  assignment	  confidence	  indicates	  either:	  (1)	  a	  missing	  analogue	  in	  the	  modern	  dataset,	  
such	   as	   a	   transition	   between	   dominant	   floral	   zones	   not	   fully	   sampled	   in	   the	  modern	  
environment;	  (2)	  the	  presence	  of	  a	  disturbance	  (e.g.,	  hurricane)	  or	  erosional	  surface;	  or	  
(3)	  post-­‐depositional	   change	  of	  measured	  modern	  surface	  sediments.	   In	   this	   case,	   the	  
former	   is	   the	   more	   likely	   explanation	   because	   in	   this	   setting	   δ13C	   values	   would	   be	  
expected	  to	  decrease	  due	  to	  microbial	  decay	  (Benner	  and	  Hodson,	  1985).	  Further,	  the	  
smooth	  progression	  of	  δ13C,	  TOC,	  and	  C/N	  values	  along	  the	  boundary	  (Fig	  4.6a,b;	  Fig	  4.8)	  
from	  mangrove	  to	  tidal	  flat	  values	  suggests	  a	  transitional	  contact,	  rather	  than	  an	  abrupt	  
event	  or	  erosional	   surface.	  This	   transitional	  environment	   represents	  a	   zone	  of	  greater	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mixing	   of	   marine	   organic	   sources	   (that	   accumulate	   in	   the	   tidal	   flat)	   and	   terrestrial	  
organic	  matter	  (that	  typically	  is	  incorporated	  into	  mangroves	  environments).	  Because	  a	  
transitional	  zone	  between	  mangrove	  and	  tidal	  flat	  zones	  was	  not	  specified	  as	  a	  group	  in	  
the	   training	   set,	   samples	   cannot	   be	   assigned	   to	   such	   a	   group	   by	   the	   LDFs.	   Sampling	  
along	  a	   single	   transect	  with	   consistent	  horizontal	   or	   vertical	   spacing	   (as	  done	  here)	   is	  
often	   employed	   for	   microfossil-­‐based	   reconstructions	   (Horton	   and	   Edwards,	   2006;	  
Wright	   et	   al.,	   2011);	   however,	   a	   different	   sampling	   scheme	   that	   is	   targeted	   at	  
characterizing	   changes	   in	   proxies	   along	   environmental	   boundaries	   (e.g.,	   Ludwig	   and	  
Cornelius,	  1987)	  may	  improve	  LDF	  performance.	  While	  LDFs	  indicate	  lack	  of	  an	  analogue	  
for	   core	   values	   along	   the	   transition	   from	   mud	   to	   peat	   in	   core	   BC7,	   they	   do	   invoke	  
confidence	  in	  reconstructions	  in	  the	  continuous	  sequence	  of	  peat	  where	  the	  core	  does	  
have	  a	  strong	  modern	  analogue	  (i.e.,	  were	  assigned	  to	  a	  single	  environmental	  group).	  	  
A	  final	  consideration	  in	  the	  combined	  δ13C,	  TOC,	  C/N-­‐based	  approach	  is	  the	  relative	  ease	  
and	   speed	   of	   analysis	   compared	   to	   microfossil	   techniques.	   Particularly	   in	   tropical	  
mangroves,	  high-­‐diversity	  calcareous	  assemblages	  or	  sparse,	  agglutinated	  assemblages	  
low	   in	   concentration	  are	  encountered,	   the	  enumeration	  and	   identification	  of	  which	   is	  
extremely	   time	   consuming.	   Plant	   macrofossils,	   used	   to	   support	   δ13C,	   TOC,	   C/N	  
reconstructions	   in	   this	   study,	  may	  also	  be	  poorly	  preserved	  or	   absent	   from	  mangrove	  
sediment	   stores,	  preventing	   interpretation	  of	  mangrove	  paleoenvironment.	  δ13C,	  TOC,	  
and	  C/N	  can	  be	  combined	  with	  simple	  microfossil	  metrics	  (e.g.,	  the	  absence/presence	  of	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salt	  marsh	  foraminifera;	  Kemp	  et	  al.,	  2012b)	  to	  produce	  reconstructions	  comparable	  in	  
accuracy	   and	   precision	   to	   microfossil	   species	   abundance	   data	   (Kemp	   et	   al.,	   2012a,b;	  
Engelhart	   et	   al.,	   2013b).	   In	   this	   study	   we	   employ	   the	   ratio	   of	   total	   foraminifera	   to	  
thecamoebians	   to	   differentiate	   brackish	   from	   freshwater	   floral	   zones.	   These	   two	  
microfossil	   groups	   are	   likely	   to	   have	   similar	   preservation	   potential,	   although	   we	  
recognize	   that	   both	   foraminifera	   and	   thecamoebians	   may	   be	   lost	   from	   Holocene	  
sedimentary	  archives.	  In	  such	  a	  case,	  the	  presence	  of	  R.	  mangle	  pollen	  could	  be	  used	  as	  
an	   indicator	   to	  distinguish	  deposition	  within	  a	  mangrove	   (as	  opposed	   to	  a	  brackish	  or	  
freshwater	   environment)	   in	   a	   manner	   similar	   to	   determination	   of	   pollen	  
chronohorizons,	  where	   the	  pollen	  of	   single	   species	   is	   counted	   relative	   to	  pollen	  of	   all	  
other	   taxa	   (e.g.,	   Pinus	   rise;	   Long	   et	   al.,	   2001;	   Ambrosia	   introduction;	   Kemp	   et	   al.,	  
2009b).	   Such	  microfossil	   counts	   could	   be	   performed	   relatively	   easily	   and	   quickly,	   and	  
δ13C,	  TOC,	  and	  C/N	  sample	  analysis	  can	  occur	  much	  more	  rapidly	  than	  microfossils	  (e.g.,	  
sample	  preparation	  is	  minimal	  and	  70-­‐100	  samples	  can	  be	  analyzed	  on	  the	  instrument	  
per	  day;	  Lamb	  et	  al.,	  2007).	   	  
4.6. CONCLUSIONS 
We	   investigated	   the	   use	   of	   δ13C,	   TOC,	   and	  C/N	   values	   from	  bulk	   sedimentary	   organic	  
matter	  to	  reconstruct	  mangrove	  depositional	  environment,	  which	  is	  used	  as	  a	  proxy	  for	  
tidal	  elevation.	  Modern	  transects	  at	  three	  sites	  showed	  that	  sediment	  derived	  from	  tidal	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flat,	  mangrove,	  brackish,	  and	   freshwater	  elevation-­‐dependent	   floral	   zones	  had	  distinct	  
δ13C,	   C/N,	   TOC	   values.	   The	   ratio	   of	   foraminifera	   to	   thecamoebians	   (F/T)	   helped	   to	  
further	  discriminate	  between	  brackish	  and	  freshwater	  swamp	  zones.	  Unlike	  δ13C,	  TOC,	  
and	   C/N-­‐defined	   floral	   zones,	   three	   foraminiferal	   groups	   recognized	   by	   PAM	   cluster	  
analysis	   did	   not	   display	   vertical	   zonation	   and	   therefore	   were	   not	   suitable	   to	   use	   to	  
interpret	  PME.	  	  
Linear	  discriminant	  functions	  (LDFs)	  developed	  from	  δ13C,	  TOC,	  C/N	  and	  F/T-­‐defined	  
floral	  zones	  were	  applied	  to	  core	  BC7	  to	  estimate	  PME	  with	  a	  vertical	  uncertainty	  of	  ±	  
0.04	  to	  0.12	  m.	  While	  there	  is	  a	  poor	  analogue	  in	  the	  modern	  dataset	  along	  
lithological/paleoenvironmental	  transitions	  in	  the	  core,	  δ13C,	  TOC,	  C/N	  and	  F/T-­‐derived	  
LDFs	  assign	  core	  sediment	  to	  mangrove	  floral	  zones	  with	  confidence	  in	  a	  continuous	  
section	  of	  peat.	  Foraminifera	  found	  in	  the	  same	  peat	  unit	  switch	  from	  an	  agglutinated	  to	  
calcareous-­‐dominated	  assemblage,	  when	  no	  comparable	  change	  in	  lithology	  or	  δ13C,	  
TOC,	  and	  C/N	  is	  observed	  due	  to	  selective	  preservation	  of	  foraminifera	  (agglutinated	  
test	  loss).	  We	  demonstrate	  that	  δ13C,	  TOC,	  and	  C/N	  values	  can	  be	  used	  along	  with	  
simple	  microfossil	  metrics	  as	  a	  proxy	  for	  former	  sea	  level	  in	  tropical	  environments.	  This	  
approach	  overcomes	  limitations	  of	  microfossil	  indicators	  (distribution/preservation	  
issues,	  time-­‐consuming	  nature	  of	  analysis)	  and	  can	  be	  used	  to	  produce	  Holocene	  
records	  of	  RSL	  change	  in	  low-­‐latitude	  locations	  where	  records	  of	  this	  kind	  are	  limited.
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CHAPTER 5. THE USE OF BULK STABLE CARBON ISOTOPE 
GEOCHEMISTRY FOR RECONSTRUCTING HOLOCENE RELATIVE SEA 
LEVELS AND PALEOENVIRONMENTS, THAMES ESTUARY, UK* 
ABSTRACT 
We	  examined	  the	  use	  of	  bulk	  stable	  carbon	  isotope	  geochemistry	  (δ13C,	  TOC	  and	  C/N)	  of	  
bulk	   sedimentary	   organic	   matter	   to	   reconstruct	   former	   sea	   levels	   and	  
paleoenvironments.	   The	   modern	   distribution	   of	   carbon	   and	   nitrogen	   organic	  
geochemistry	  was	   described	   from	   vegetation	   and	   surface	   sediment	   samples	   collected	  
from	  four	  coastal	  wetlands	  of	  the	  Thames	  Estuary	  and	  Norfolk,	  UK.	  Statistically	  distinct	  
bulk	   sediment	   δ13C,	   TOC	   and	   C/N	   values	   were	   observed	   among	   these	   elevation-­‐
dependent	  environments	  due	  to	  the	  relative	  incorporation	  of	  in	  situ	  vascular	  vegetation	  
versus	  allochthonous	  particulate	  organic	  matter	  and	  algae,	  which	  varied	  with	  the	  degree	  
of	  tidal	  inundation	  and	  salinity.	  We	  compiled	  a	  regional	  database	  of	  349	  bulk	  sediment	  
δ13C,	  TOC	  and	  C/N	  analyses	  from	  published	  and	  unpublished	  data	  in	  the	  UK	  and	  the	  U.S.	  
Atlantic	  and	  Pacific	  coasts	  and	  suggest	  variations	  among	  regions	  may	  be	  related	  to	  the	  
dominance	  of	  C4	  vegetation,	  climate,	  and	  local	  environmental	  conditions.	  The	  range	  of	  
δ13C,	  TOC	  and	  C/N	  values	  from	  tidal	  flat/low	  marsh	  (δ13C:	  -­‐24.9	  ±	  1.2	  ‰;	  TOC:	  3.6	  ±	  1.7	  
%;	  C/N:	  9.9	  ±	  0.8),	  middle	  marsh/high	  marsh	  (δ13C:	  -­‐26.2	  ±	  1.0	  ‰;	  TOC:	  9.8	  ±	  6.7	  %;	  C/N:	  
12.1	  ±	  1.8),	  brackish	  transition	  (δ13C:	  -­‐27.2	  ±	  1.2	  ‰;	  TOC:	  26.1	  ±	  11.5	  %;	  C/N:	  14.1	  ±	  1.9)	  
reed	  swamp	  (δ13C:	  -­‐28.1	  ±	  0.3	  ‰;	  TOC:	  39.1	  ±	  10.3	  %;	  C/N:	  13.8	  ±	  1.1)	  and	  fen	  carr	  (δ13C:	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-­‐28.8	   ±	   0.7	  ‰;	   TOC:	   29.1	   ±	   17.1	   %;	   C/N:	   15.8	   ±	   3.3)	   environments	   in	   the	   combined	  
modern	   dataset	   from	   the	  UK	  were	   used	   along	  with	  microfossils	   (foraminifera,	   pollen,	  
diatoms)	  to	  interpret	  a	  Holocene	  sediment	  core	  collected	  from	  the	  Thames	  Estuary.	  We	  
produced	  three	  new	  sea-­‐level	  index	  points	  and	  one	  limiting	  date,	  illustrating	  the	  utility	  
of	  δ13C,	  TOC,	  and	  C/N	  values	  to	  reconstruct	  relative	  sea	  levels.	  	  
*To	   be	   submitted	   to	   Quaternary	   Science	   Reviews	   as:	   Khan,	   N.S.,	   Vane,	   C.H.,	   Horton,	  
B.P.,	   4Caroline	   Hillier,	   2James	   Riding,	   The	   use	   of	   bulk	   stable	   isotope	   geochemistry	   for	  
reconstructing	  Holocene	  relative	  sea	  levels,	  Thames	  Estuary,	  UK.	  
5.1	  Introduction	  
Geological	   reconstructions	   of	   Holocene	   relative	   sea	   level	   (RSL)	   provide	   important	  
constraints	   for	   calibrating	   geophysical	   models	   of	   Earth’s	   rheology	   and	   glacio-­‐isostatic	  
adjustment	   (GIA)	   (e.g.,	   Lambeck	   et	   al.,	   1998;	   Engelhart	   et	   al.,	   2011;	  Milne	   and	   Peros,	  
2013)	   and	   identifying	   the	   contribution	   of	   land-­‐based	   ice	   to	   RSL	   change	   during	  
deglaciation	   (e.g.,	   Peltier	   and	   Fairbanks,	   2006).	   The	   ice	   sheet	   that	   formed	   over	   the	  
British	   Isles	   at	   the	   Last	   Glacial	   Maximum	   (LGM)	   was	   small	   in	   global	   terms,	   but	   large	  
enough	  for	  GIA	  to	  produce	  vastly	  contrasting	  patterns	   in	  RSL	  across	  the	  UK	  during	  the	  
Holocene	   (e.g.,	  Shennan,	  1989;	  Shennan	  and	  Horton,	  2002;	  Shennan	  et	  al.,	  2006).	  RSL	  
records	   in	   southeast	   England,	   including	   the	   Thames	   Estuary,	   show	   a	   monotonic	   rise	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through	   the	   Holocene	   associated	   with	   subsidence	   of	   the	   proglacial	   forebulge	   (e.g.,	  
Devoy,	  1979,	  1992;	  Long,	  1992;	  Sidell	  et	  al.,	  2000;	  Shennan	  and	  Horton,	  2002).	  	  
The	   Holocene	   variations	   in	   RSL	   in	   the	   Thames	   Estuary	   and	   elsewhere	   in	   the	   UK	   are	  
derived	   from	   sea-­‐level	   index	   points	   mostly	   obtained	   from	   lithostratigraphic	   changes	  
between	  terrestrial	  and	  marine	  sediments	  (transgressive	  and	  regressive	  contacts).	  These	  
changes	   in	   lithology	   are	   corroborated	   by	   microfossils	   (e.g.,	   foraminifera,	   diatoms,	  
pollen),	  which	   are	   used	   to	   delineate	   the	   initiation	   or	   removal	   of	   brackish	   and	  marine	  
conditions	   and	   to	   verify	   that	   the	   contacts	   are	   conformable	   (Tooley,	   1985;	   Shennan,	  
1986).	   However,	   discrepancies	   and	   data	   gaps	   in	   RSL	   records	   still	   persist	   that	   limit	  
interpretation	  of	  the	  driving	  mechanisms	  of	  Holocene	  RSL	  dynamics	  in	  the	  Thames	  (e.g.,	  
Devoy,	   1979;	   Shennan,	   1989;	   Long,	   1992,	   1995;	   Haggart,	   1995;	   Shennan	   and	  Horton,	  
2002)	  and	  the	  UK	  (e.g.,	  Shennan	  et	  al.,	  2006;	  Massey	  et	  al.,	  2008;	  Gehrels,	  2010).	  In	  part,	  
this	   is	  due	  to	   issues	  with	  preservation	  of	   identifiable	  microfossils	   in	  Holocene	  archives	  
that	   are	   associated	   with	   microfossil	   life	   processes	   (e.g.,	   Murray,	   2006)	   and	   post-­‐
depositional	   changes	   (e.g.,	   Metcalfe	   et	   al.,	   2000;	   Roberts	   et	   al.,	   2006).	   Further,	   the	  
application	  of	  microfossil-­‐based	  transfer	  functions	  (e.g.,	  Horton	  et	  al.,	  1999),	  which	  have	  
expanded	   the	   type	   of	   sediments	   from	  which	   RSL	   estimates	   can	   be	   derived,	   has	   been	  
hindered	   by	   problems	   associated	   with	   a	   lack	   of	   modern	   analogues	   (e.g.,	   Horton	   and	  
Edwards,	  2006).	  For	  example,	  of	  the	  225	  sea-­‐level	  index	  points	  collected	  as	  part	  of	  the	  
Land	  Ocean	  Interaction	  Study	  of	  Holocene	  coastal	  evolution	  of	  the	  east	  coast	  of	  England	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(Shennan	   and	   Andrews,	   2000),	   only	   52	   were	   suitable	   for	   transfer	   function	   analyses	  
(Horton	  et	  al.,	  2000).	  	  
An	  alternative	  approach	  to	  RSL	  reconstruction	  has	  recently	  been	  explored	  that	  utilizes	  
the	  bulk	  stable	  carbon	  isotope	  geochemistry	  (stable	  carbon	  isotopes	  (δ13C),	  total	  organic	  
carbon	  (TOC),	  and	  organic	  carbon	  to	  total	  nitrogen	  (C/N))	  of	  sedimentary	  organic	  matter	  
(e.g.,	  Wilson	  et	  al.,	  2005a,	  2005b;	  Mackie	  et	  al.,	  2005,	  2007;	  Lamb	  et	  al.,	  2007;	  Kemp	  et	  
al.,	  2010,	  2012b;	  Engelhart	  et	  al.,	  2013b).	  δ13C	  and	  C/N	  are	  able	  to	  differentiate	  sources	  
of	   organic	   matter	   that	   characteristically	   accumulate	   in	   coastal	   wetland	   sediments	  
(Haines,	   1977;	   Chmura	   and	   Aharon,	   1995;	   Goñi	   and	   Thomas,	   2000),	   particularly	  
between	   freshwater	   and	   marine	   organic	   matter	   (e.g.,	   Fry	   et	   al.,	   1977;	   Fogel	   and	  
Cifuentes,	  1993)	  and	  C3	  and	  C4	  vegetation	  (e.g.,	  Emery	  et	  al.,	  1967;	  Malamud-­‐Roam	  and	  
Ingram,	   2001).	   	   Plants	   that	   utilize	   the	   C3	   photosynthetic	   pathway	   have	   distinct	   δ13C	  
values	  from	  those	  that	  use	  the	  C4-­‐pathway	  (Smith	  and	  Epstein,	  1971)	  due	  to	  biochemical	  
properties	   of	   their	   primary	   CO2-­‐fixing	   enzyme	   (Deines,	   1980).	   In	   addition,	   TOC	  
measurements	  quantify	  the	  amount	  of	  organic	  matter	  contained	  within	  sediments	  (e.g.,	  
Ostrowska	  and	  Porebska,	  2012).	  
Studies	   in	  the	  UK	  (e.g.,	  Andrews	  et	  al.,	  2000;	  Wilson	  et	  al.,	  2005a,	  2005b;	  Lamb	  et	  al.,	  
2007;	  Andrews,	  2008)	  and	  the	  U.S.	  Atlantic	  (e.g.,	  Kemp	  et	  al.,	  2010,	  2012b),	  Gulf	   (e.g.,	  
DeLaune,	   1986;	   Chmura	   et	   al.,	   1987)	   and	   Pacific	   (e.g.,	   Engelhart	   et	   al.,	   2013b)	   coasts	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have	  demonstrated	  the	  distinct	  distribution	  of	  δ13C	  and	  C/N	  values	  of	  modern	  tidal	  flat,	  
salt	   marsh	   and	   freshwater	   environments.	   Expansion	   upon	   these	   studies	   is	   needed,	  
however,	   to	   examine	   the	   boundary	   between	   salt	   marsh	   and	   reed	   swamp/fen	   carr	  
environments,	   which	   is	   important	   in	   the	   interpretation	   of	   transgressive/regressive	  
contacts	   in	   Holocene	   sequences	   of	   the	   UK.	   Further,	   regional,	   inter-­‐,	   or	   intra-­‐site	  
variability	   in	   δ13C	   and	   C/N	   distributions	   is	   not	   fully	   understood	   (Wilson	   et	   al.,	   2005a,	  
2005b;	  Lamb	  et	  al.,	  2007).	  	  	  
Here,	   we	   examine	   the	   distribution	   of	   δ13C,	   TOC	   and	   C/N	   of	   vegetation	   and	   bulk	  
sedimentary	  organic	  matter	  within	  coastal	  wetlands	  of	  the	  Thames	  Estuary	  and	  Norfolk	  
Broads,	  UK.	  We	  compare	  our	  data	  to	  published	  and	  unpublished	  datasets	  from	  The	  UK	  
and	  the	  U.S.	  to	  produce	  a	  database	  of	  δ13C,	  TOC	  and	  C/N	  values.	  We	  apply	  the	  modern	  
dataset	  from	  the	  UK	  to	  a	  Holocene	  sediment	  core	  collected	  from	  Swanscombe	  Marsh	  on	  
the	   Thames	   Estuary	   to	   produce	   new	   sea-­‐level	   data.	  We	   find	   that	   this	  method	   can	   be	  
used	  to	  reconstruct	  Holocene	  RSL	  in	  the	  UK	  and	  beyond.	  
5.2 STUDY AREA  
The	  modern	  Thames	  Estuary	  drains	  an	  area	  of	  approximately	  16,000	  km2	  of	  England	  into	  
the	  North	  Sea	  (Fig.	  5.1).	  The	  tidal	  portion	  of	  the	  estuary	  is	  approximately	  110	  km	  long,	  
with	  the	  seaward	  limit	  extending	  approximately	  80	  km	  downstream	  and	  the	  tidal	   limit	  
occurring	  approximately	  30	  km	  upstream	  from	  the	  London	  Bridge	  (Mitchell	  et	  al.,	  2012).	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The	  estuary	  is	  macrotidal	  with	  spring	  tidal	  range	  varying	  from	  5.2	  m	  near	  the	  mouth	  of	  
the	  estuary	  in	  Sheerness	  to	  6.6	  m	  at	  the	  London	  Bridge	  (Admirality	  Tide	  Tables,	  2013).	  
Salinity	  ranges	  from	  <1	  at	  the	  tidal	  limit	  to	  ~32	  at	  the	  estuary	  mouth	  at	  half-­‐tide	  (time	  or	  
state	  halfway	  between	   flood	  and	  ebb)	   (Juggins,	  1992),	   although	   large	  variations	  occur	  
during	  the	  tidal	  cycle	  as	  well	  as	  seasonally	  (Mitchell	  et	  al.,	  2012).	  	  
Undisturbed	   areas	   of	   coastal	   wetland	   habitat	   are	   limited	   in	   the	   region	   because	   of	  	  
human	  modifications,	   changes	   in	  wave	  and	  wind	  climate	   (van	  der	  Wal	  and	  Pye,	  2004)	  
and	  RSL	  rise	  (Woodworth	  et	  al.,	  2009).	  These	  anthropogenic	  and	  climate	  driven	  changes	  
pose	  difficulties	   in	   indentifying	  suitable	  areas	  along	   the	  estuary	   to	  use	  as	  an	  analogue	  
for	  Holocene	   paleoenvironments,	  which	   include	   salt	  marsh,	   reed	   swamp	   and	   fen	   carr	  
environments	  (Devoy,	  1979).	  We	  tried	  to	  minimize	  these	  factors	  by	  confining	  our	  study	  
sites	   to	   nature	   reserves	   or	  maintained	  marshes	   where	  well-­‐developed	   successions	   of	  
wetland	   floral	   zones	   were	   readily	   identifiable.	   Three	   sites	   on	   the	   Thames	   Estuary	  
(Dartford	  Creek,	  Wat	  Tyler	  Country	  Park	  and	  Two	  Tree	   Island)	  and	  one	  site	  containing	  
fen	   carr	   in	   the	   Norfolk	   Broads	   (Ted	   Ellis	   Nature	   Reserve)	  were	   chosen	   for	   study.	   The	  
species	   composition	  of	  marsh	   floral	   zones	   in	  our	   study	   sites	  are	   representative	  of	   the	  
low	  marsh	  (van	  der	  Wal	  and	  Pye,	  2004)	  and	  high	  marsh	  (Boorman,	  2003)	  communities	  
that	   are	   characteristic	   of	   southeast	   England.	   With	   the	   exception	   of	   introduced	   C4	  
Spartina	   (Ranwell,	   1972),	   all	   other	   vegetation	   follows	   the	   C3	   photosynthetic	   pathway.	  
Fen	  carr	  environments	  occur	  in	  waterlogged	  conditions	  (McVean,	  1956)	  that	  commonly	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develop	   as	   a	   consequence	  of	   increasing	   tidal	   influence	   or	   elevated	   groundwater	   level	  
associated	  with	   sea-­‐level	   rise	   (e.g.,	  Walker,	   1970;	   Long	  and	   Innes,	  1995;	  Waller	  et	   al.,	  
2005).	  
The	  Ted	  Ellis	  Nature	  Reserve,	  situated	  southeast	  of	  Norwich	  along	  the	  southern	  bank	  of	  
the	  River	  Yare	  contains	  a	  variety	  of	  wetland	  habitats.	  Porewater	  salinity	  at	  the	  site	  is	  <	  
0.5.	  Two	  transects	  were	  sampled	  from	  this	  site	  (Fig	  5.1a).	  The	  first	  transect	  (A-­‐A1)	  was	  
215	  m	  long	  and	  extended	  from	  a	  reed	  swamp	  dominated	  by	  Phragmites	  australis	  with	  
Phalaris	   arundinacea	   and	   Carex	   spp.	   present	   from	   the	   banks	   of	   the	   Yare	   to	   a	   Salix-­‐
dominated	   fen	   carr	   environment.	   The	   second	   transect	   (B-­‐B1)	   was	   70	   m	   long	   and	  
incorporated	  reed	  swamp	  and	  Alnus-­‐dominated	  fen	  carr	  environments.	  
The	  study	  site	  situated	  at	  Dartford	  Creek,	  a	  tributary	  of	  the	  Thames	  Estuary,	   is	  part	  of	  
the	  Crawley	  marshes	  (Fig	  5.1b).	  Porewater	  salinity	  at	  the	  site	  ranged	  from	  26	  to	  32.	  One	  
transect	  (C-­‐C1;	  Fig	  5.1b)	  was	  established	  that	  extended	  through	  an	  unvegetated	  tidal	  flat	  
and	  low,	  middle,	  to	  high	  marsh	  floral	  zones.	  The	  low	  marsh	  was	  inhabited	  by	  Puccinellia	  
maritima,	  Spergularia	  spp.,	  and	  in	   localized	  depressions	  Eleocharis	  sp.	  The	  middle-­‐high	  
marsh	  was	  dominated	  by	  Elymus	  repens,	  Festuca	  rubrum,	  with	  Spergularia	  spp.	  present.	  
The	  transition	  to	  upland	  vegetation	  was	  absent	  from	  this	  site	  due	  to	  levee	  construction.	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Figure	  5.1	  Location	  map	  showing	  study	  areas	  in	  the	  United	  Kingdom	  and	  along	  the	  Yare	  River	  and	  Thames	  
Estuary	  and	  location	  of	  transects	  (black	  dotted	  line)	  at	  study	  sites	  in	  Ted	  Ellis	  Reserve	  (A),	  Dartford	  Creek	  
(B),	  Wat	  Tyler	  Country	  Park	  nature	  reserve	  (C),	  and	  Two	  Tree	  Island	  (D).	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The	  Wat	  Tyler	  Country	  Park	  nature	  reserve	   is	   located	  north	  of	  Canvey	   Island	   in	  Pitsea.	  
One	  ~40	  m	   transect	   (D-­‐D1;	   Fig	  5.1c)	  was	   sampled,	  which	  encompassed	  a	   full	   range	  of	  
successional	  environments	   from	  tidal	   flat,	   low,	  middle	  to	  high	  marsh,	  and	  Phragmites-­‐
upland	   transition.	   Porewater	   salinity	   at	   the	   site	   ranged	   from	   27	   to	   34.	   Tidal	   flat	  
sediments	   were	   unvegetated.	   Low	   marsh	   vegetation	   included	   Aster	   tripolium	   and	  
Salicornia	   europaea.	  The	  middle	  marsh	  was	   inhabited	  by	  Halimione	  portulacoides	   and	  
Puccinellia	   maritima.	   The	   high	   marsh	   was	   occupied	   by	   Festuca	   rubra	   and	   Halimione	  
portulacoides,	  and	  a	  brackish	  transition	  zone	  occupied	  by	  Phragmites	  australis	  occurred	  
at	  the	  upper	  boundary	  of	  the	  marsh.	  
The	  final	  study	  area	  is	  located	  in	  the	  marshes	  of	  Two	  Tree	  Island,	  east	  of	  Canvey	  Island,	  
forming	  part	  of	   the	   Leigh	  National	  Nature	  Reserve.	   Porewater	   salinity	   at	   this	   site	  was	  
between	  34	  and	  37.	  Two	  transects	  (E-­‐E1;	  F-­‐F1;	  Fig	  5.1d)	  were	  established	  to	  account	  for	  
variability	   between	   low	   marsh	   environments	   colonized	   by	   the	   introduced	   C4	   grass	  
Spartina	   anglica.	   Both	   transects	   extend	   from	   tidal	   flat,	   low	   marsh	   to	   middle	   marsh	  
zones.	  The	  middle	  marsh	  is	  dominated	  by	  Festuca	  rubra,	  Halimione	  portulacoides,	  Aster	  
tripolium,	  Borrichia	   fructescens	  and	   Suaeda	  maritima.	  The	   low	  to	  pioneer	  marsh	  hosts	  
Salicornia	   europaea	   and	   Spartina	   anglica,	   and	   washed-­‐in	   algae	   and	   seaweed	   (Fucus	  
vesiculosus)	  were	   present	   throughout	   the	  marsh.	   Transect	   2	   (F-­‐F1)	   was	   positioned	   to	  
avoid	  sampling	  sediments	  occupied	  by	  Spartina.	  Leveeing	  further	  inland	  prevented	  the	  
formation	  of	  high	  marsh,	  brackish	  transitional	  and	  upland	  communities.	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5.3 METHODS 
Sampling	   stations	   were	   positioned	   to	   maintain	   consistent	   vertical	   spacing	   (~	   3-­‐5	   cm	  
between	  each	  station)	  along	  each	  transect.	  A	  total	  station	  was	  used	  to	  survey	  stations	  
and	  core	  locations	  to	  a	  common	  reference	  datum	  (m	  Ordnance	  Datum;	  OD),	  which	  was	  
determined	   using	   a	   Leica	   differential	   geographic	   positioning	   system	   with	   real-­‐time	  
kinematic	  capabilities.	  Tidal	  datums	  at	  all	  Thames	  Estuary	  sites	  were	  interpolated	  from	  
the	  nearest	  tide	  gauge	  stations	  (Admiralty	  Tide	  Tables,	  2012).	  Tidal	  datums	  at	  Ted	  Ellis	  
Reserve	   were	   inferred	   from	   stream	   gauge	   readings	   maintained	   by	   the	   Environment	  
Agency.	  
5.3.1 Modern vegetation and sediment  
The	  vegetation	  cover	  at	  each	  sampling	  station	  was	  recorded	  (estimated	  percentage	  of	  
total)	   and	   the	   dominant	   vegetation	   (above-­‐	   and	   belowground	   components)	   was	  
sampled	   to	   provide	   context	   for	   the	   δ13C	   and	   C/N	   of	   surface	   sediments	   (Chmura	   and	  
Aharon,	  1995;	  Malamud-­‐Roam	  and	  Ingram,	  2004).	  A	  10	  cm2	  x	  1	  cm	  surface	  sample	  was	  
collected	  for	  analysis	  of	  δ13C,	  TOC,	  C/N	  at	  each	  sampling	  station.	  Salinity	  was	  measured	  
using	  a	  calibrated	  refractometer	  at	  the	  time	  of	  sample	  collection.	  When	  the	  sample	  was	  
not	  wet	   enough	   for	   the	  measurements,	   porewater	  was	   separated	   by	   centrifuge	   from	  
the	  samples	   in	   laboratory	  and	   its	   salinity	  was	  measured	   (Horton	  et	  al.,	  1999;	  Sawai	  et	  
al.,	  2004).	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5.3.2 Collection of Core SW1 
During	   a	   drilling	   campaign	   completed	   by	   the	   British	   Geological	   Survey,	   a	   series	   of	  
sediment	   cores	   from	   locations	   in	   the	   mid-­‐	   and	   lower-­‐estuary	   were	   collected.	   A	   core	  
from	  Swanscombe	  Marsh	  (Core	  SW1)	  was	  selected	  for	  analysis	   in	  this	  study	  because	  it	  
best	   represented	   the	   full	   series	   of	   transgressive/regressive	   sequences	   recognized	   by	  
Devoy	  (1979)	   in	  his	   type-­‐site	  at	  Tilbury.	  A	  drilling	  rig	  employing	  a	   ‘wireline’	  percussion	  
tripod	   arrangement	   (also	   known	  as	   ‘shell	   and	   auger’)	  was	   used	   to	   retrieve	   core	   SW1.	  
The	   recovered	   core	  was	   capped	  and	   sealed	   in	   the	   field	   and	   immediately	   refrigerated.	  
The	   core	   was	   described	   in	   the	   laboratory	   using	   the	   Troels-­‐Smith	   (1955)	   method	   for	  
organic-­‐rich	  sediments.	  
5.3.3 Carbon and nitrogen bulk organic geochemistry of modern and core 
samples 
Sample	  pretreatment	  for	  δ13C,	  TOC	  and	  C/N	  analysis	  followed	  Vane	  et	  al.	  (2013a).	  Plant	  
samples	  were	  treated	  with	  5%	  HCl	  for	  2	  hours,	  rinsed	  with	  deionized	  water,	  dried	  in	  an	  
oven	  at	  50°C	  and	  freezer-­‐milled	  to	  a	  fine	  powder.	  Sediment	  samples	  were	  treated	  with	  
5%	   HCl	   overnight	   to	   remove	   inorganic	   carbon,	   and	   were	   subsequently	   rinsed	   with	  
deionized	  water,	  dried	  in	  an	  oven	  at	  50°C	  and	  milled	  to	  a	  fine	  powder	  using	  a	  pestle	  and	  
mortar.	   13C/12C	   analyses	   were	   performed	   by	   combustion	   in	   a	   Costech	   Elemental	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Analyzer	  coupled	  online	  to	  an	  Optima	  dual-­‐inlet	  mass	  spectrometer	  at	  the	  NERC	  Isotope	  
Geosciences	  Laboratory,	  Nottingham,	  UK.	  The	  values	  were	  calibrated	  to	  the	  Vienna	  Pee	  
Dee	  Belemnite	  (VPDB)	  scale	  using	  within-­‐run	  cellulose	  standard	  Sigma	  Chemical	  C-­‐6413	  
calibrated	  against	  NBS19	  and	  NBS	  22	  (Vane	  et	  al.,	  2013b)	  that	  was	  included	  within	  the	  
runs.	  Sample	  total	  organic	  C	  and	  total	  N	  were	  measured	  on	  the	  same	  instrument.	  C/N	  
ratios	  were	  calibrated	  with	  an	  acetanilide	  standard	  and	  are	  given	  as	  a	  weight	  percentage	  
(Vane	   et	   al.,	   2013).	   Replicate	   analysis	   on	   well-­‐mixed	   samples	   indicates	   analytical	  
precision	  of	  <0.1	  ‰.	  Core	  SW1	  was	  analyzed	   for	  δ13C,	  TOC,	  and	  C/N	  at	  8	  cm	   intervals	  
continuously	  throughout	  the	  core.	  
5.3.4 Microfossil analysis of Core SW1 
Microfossil	   (diatom,	   foraminifera,	   pollen)	   analysis	   was	   undertaken	   to	   evaluate	  
paleoenvironmental	  changes	  inferred	  from	  δ13C,	  TOC,	  and	  C/N.	  Diatom	  and	  foraminifera	  
counts	  were	  performed	  on	  1	  cm	  thick	   intervals	  of	  sediment	  sampled	  above	  and	  below	  
radiocarbon-­‐dated	  contacts	  of	  Core	  SW1;	  pollen	  counts	  were	  performed	  on	  2-­‐3	  cm	  thick	  
intervals	   of	   sediment	   at	   dated	   horizons.	   All	   samples	   for	   diatom	   analysis	   under	   light	  
microscopy	  were	  prepared	  following	  standard	  methods	  (Zong	  and	  Horton,	  1998,	  1999).	  
Diatoms	  were	   identified	  and	  enumerated	  under	  1000x	  magnification	  using	  the	  keys	  of	  
Hartley	  et	  al.	  (1966),	  van	  de	  Werff	  and	  Huls,	  (1958-­‐1966)	  and	  Patrick	  and	  Reimer	  (1966-­‐
1975).	  Classification	  of	  salinity	  and	   life	   form	  follows	  Denys	   (1991/2)	  and	  Vos	  and	  Wolf	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(1993).	   Sample	   preparation,	   identification	   and	   classification	   of	   foraminifera	   followed	  
Horton	  and	  Edwards	  (2006).	  Wet	  counts	  were	  completed	  under	  a	  binocular	  microscope.	  
A	  minimum	  of	  200	  diatom	  and	  foraminifera	  were	  counted	  per	  sample	  where	  possible.	  
Clay-­‐rich	   sediments	   were	   prepared	   for	   pollen	   following	   the	   technique	   of	   Riding	   and	  
Kyffin-­‐Hughes	  (2004)	  and	  peat	  samples	  were	  prepared	  for	  pollen	  by	  disaggregation	  with	  
potassium	   hydroxide.	   Pollen	   was	   grouped	   into	   five	   broad	   physiognomic	   categories:	  
trees,	   shrubs,	   herbs,	   aquatics	   and	   pteridophytes.	   Calculation	   of	   individual	   taxa	   is	  
expressed	  as	  percentage	  of	  the	  total	  sum	  of	  land	  pollen	  
5.3.5 Radiocarbon age determination 
Radiocarbon	   (14C)	  dates	  were	  selected	   to	  produce	  new	  sea-­‐level	  data	   from	  Core	  SW1.	  
Where	   possible,	   identifiable	   plant	   macrofossils	   inferred	   to	   be	   deposited	   in	   situ	   were	  
selected	  for	  Accelerator	  Mass	  Spectrometry	  (AMS)	  radiocarbon	  dating.	  Prior	  to	  analysis,	  
the	   samples	   were	   cleaned	   under	   a	   binocular	   microscope	   to	   remove	   contaminating	  
material,	   such	   as	   older	   adhered	   organic	   sediment	   from	   the	   matrix	   surrounding	   the	  
macrofossil	  or	  younger	  ingrown	  rootlets	  (Kemp	  et	  al.,	  2013b).	  In	  the	  absence	  of	  datable	  
macrofossil	   remains,	   dates	   were	   obtained	   from	   bulk	   substrate	   samples.	   Reported	  
radiocarbon	  ages	  were	  calibrated	  to	  sidereal	  years	  with	  a	  2σ	  confidence	   interval	  using	  
the	   IntCal13	   calibration	   curve	   (Reimer	   et	   al.,	   2013)	   and	   a	   laboratory	   multiplier	   of	   1.	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Ages	  are	  presented	  as	  calibrated	  years	  (cal	  yr)	  before	  present	  (BP),	  where	  the	  zero	  point	  
is	  AD	  1950	  (Stuiver	  and	  Polach,	  1977).	  	  
5.3.6 Statistical analysis 
One-­‐way	  Analysis	  of	  Variance	   (ANOVA)	  was	  performed	  on	  modern	   sediments	   from	  all	  
transects	   to	   detect	   significant	   differences	   in	  mean	   δ13C,	   TOC,	   and	   C/N	   values	   among	  
depositional	  environments.	  Analysis	  was	  completed	  in	  JMP	  10.0	  with	  “environment”	  as	  
the	  grouping	   factor	   (Table	  1).	  “Environment”	  was	  defined	  by	  the	  environmental	  zones	  
present	   in	   the	   study	   areas:	   tidal	   flat/low	   salt	  marsh,	  middle/high	  marsh,	   reed	   swamp	  
and	   fen	   carr.	  Nested	  ANOVA	  was	   also	   applied	   to	   the	  data	  with	   “environment”	   as	   the	  
grouping	  factor	  and	  “site”	  nested	  within	  “environment”	  to	  examine	  inter-­‐site	  variability	  
in	  the	  δ13C,	  TOC,	  and	  C/N	  values	  of	  depositional	  environments	  (Table	  1).	  Data	  were	  log-­‐
transformed	   where	   necessary	   to	   meet	   assumptions	   of	   ANOVA	   (equal	   variance,	  
normality).	  Tukey’s	  HSD	  was	  used	  to	  identify	  differences	  among	  multiple	  means	  when	  a	  
significant	  effect	  was	  found.	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5.4 RESULTS 
5.4.1 Characteristics of modern vegetation  
33	   vegetation	   samples	   from	   tidal	   flat,	   low,	  middle	   and	   high	  marsh,	   and	   reed	   swamp	  
environments	   were	   analyzed	   for	   δ13C	   and	   C/N	   composition.	   The	   mean	   δ13C	   of	   all	  
samples	  was	  -­‐25.4	  ‰,	  ranging	  from	  -­‐32.1	  to	  -­‐13.1	  ‰.	  The	  mean	  C/N	  of	  all	  samples	  was	  
38.2,	  spanning	  values	  of	  6.3	  to	  122.4.	  	  
Marine	  and	  tidal	  flat	  end-­‐member	  vegetation	  samples	  (n=2),	  including	  brown	  algae	  and	  
Fucus	  vesiculosis,	  had	  a	  mean	  δ13C	  of	  -­‐26.2	  ‰,	  which	  ranged	  from	  -­‐32.1	  to	  -­‐20.3	  ‰.	  The	  
mean	  C/N	  of	  these	  samples	  was	  10.5,	  with	  values	  from	  6.3	  to	  14.6.	  	  
Vegetation	   end-­‐members	   collected	   from	   low	   marsh	   environments	   (n=13),	   including	  
Aster	   tripolium,	   Borrichia	   fructescens,	   Cochleria	   spp.,	   Puccinellia	   maritima,	   Salicornia	  
europaea,	  Spartina	  anglica,	  and	   Sueada	  maritima,	  had	  mean	  δ13C	  and	  C/N	  values	  of	   -­‐
24.6	  ‰	  and	  30.5,	  respectively.	  δ13C	  values	  ranged	  from	  -­‐30.0	  (Salicornia	  europaea)	  to	  -­‐
13.1	  ‰	   (Spartina	   anglica),	   and	   C/N	   values	   spanned	   12.0	   (Sueada	   maritima)	   to	   61.9	  
(Borrichia	  fructescens).	  
Middle	   to	   high	   marsh	   end-­‐member	   vegetation	   (n=14),	   including	   Agrostis	   stolonifera,	  
Elymus	   repens,	   Festuca	   rubra,	   Halimione	   portulacoides,	   Scirpus	   maritimus,	   and	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Spergularia	  media	  had	  a	  mean	  δ13C	  of	  -­‐26.0	  ‰,	  which	  varied	  between	  -­‐28.6	  (Halimione	  
portulcoides)	  to	  -­‐24.1	  ‰	  (Festuca	  rubra).	  Mean	  C/N	  was	  48.8,	  with	  values	  ranging	  from	  
15.5	  (Halimione	  poruulcoides)	  to	  122.5	  (Agrostis	  stolonifera).	  	  
Vegetation	   end-­‐members	   collected	   from	   reed	   swamp	   environments	   (n=3),	   including	  
Phragmites	  australis	  and	  Carex	  sp.	  had	  mean	  δ13C	  and	  C/N	  values	  of	  -­‐25.3	  and	  41.3	  ‰,	  
respectively.	  δ13C	  fell	  between	  -­‐26.5	  (Carex	  sp.)	  and	  -­‐24.6	  ‰	  (Phragmites	  australis),	  and	  
C/N	  values	  ranged	  from	  30.6	  (Carex	  sp.)	  to	  61.7	  (Phragmites	  australis).	  
5.4.2 Characteristics of modern sediments 
74	   surface	   sediment	   samples	  were	   analyzed	   for	   δ13C,	   TOC	   and	   C/N	   composition.	   The	  
mean	  δ13C	  of	  all	  samples	  was	  -­‐26.1	  ‰,	  ranging	  from	  -­‐29.6	  to	  -­‐19.5	  ‰.	  The	  mean	  TOC	  of	  
all	  samples	  was	  18.7	  %,	  spanning	  values	  from	  0.6	  to	  47.6	  %.	  The	  mean	  C/N	  of	  all	  samples	  
was	  12.2,	  extending	  from	  8.0	  to	  26.4.	  
5.4.2.1 Ted Ellis Transects 1 and 2 
Ted	  Ellis	  Transect	  1	  (Fig.	  5.1a;	  Fig	  5.2a)	  extends	  from	  the	  vegetated	  banks	  of	  the	  River	  
Yare,	  across	  a	  reed	  swamp	  to	  a	  fen	  carr.	  The	  reed	  swamp	  (n	  =	  10)	  had	  a	  mean	  δ13C	  of	  -­‐
28.1	   ‰.	   The	   banks	   and	   river	   levee	   showed	   the	   greatest	   variability	   within	   the	   reed	  
swamp	   with	   values	   ranging	   from	   -­‐28.7	   to	   -­‐27.7	   ‰.	   Mean	   TOC	   was	   34.9	   %	   with	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comparable	  variability	  to	  δ13C	  values	  observed	  within	  the	  banks	  of	  the	  reed	  swamp.	  The	  
minimum	  TOC	  of	  18.3	  %	  occurred	  along	  the	  riverbanks	  and	  TOC	  increased	  with	  distance	  
inland,	   obtaining	   a	   maximum	   of	   47.2	   %	   at	   ~	   160	   m	   along	   the	   transect.	   	   C/N	   values	  
remained	  stable	  within	  the	  reed	  swamp	  with	  a	  mean	  of	  13.3,	  ranging	  from	  12.2	  to	  14.7.	  
The	   fen	   carr	   (n	   =	   5)	   had	   a	  mean	   δ13C	   of	   -­‐28.8	  ‰,	  which	   increased	   from	   the	   transect	  
minimum	   of	   -­‐29.5	   to	   -­‐28.2	  ‰	   at	   the	   landward	   edge	   of	   the	   fen	   carr.	   TOC	  was	   stable	  
within	  the	  fen	  carr;	  mean	  TOC	  was	  46.1	  %,	  ranging	  from	  44.7	  to	  47.6	  %,	  which	  also	  was	  
the	  maximum	  TOC	  observed	  on	  Transect	  1.	  In	  contrast	  to	  the	  reed	  swamp,	  C/N	  sharply	  
increased	  within	   the	   fen	   carr	   from	   13.4	   to	   the	  maximum	   of	   Transect	   1	   of	   26.4	   at	   its	  
landward	  edge.	  	  
Ted	  Ellis	  Transect	  2	   is	   located	   further	   inland	   from	  the	  River	  Yare	   than	  Transect	  1	  and,	  
therefore,	  was	   found	  at	  a	   slightly	  higher	  elevation	   (Fig	  5.2b).	  Transect	  2	   covered	   reed	  
swamp	  and	  fen	  carr	  environments.	  The	  reed	  swamp	  (n	  =	  6)	  had	  similar	  δ13C	  values	   to	  
Transect	   1,	  with	   a	  mean	   of	   -­‐28.2	  ‰.	   δ13C	  was	   uniform	  within	   the	   environment,	   only	  
ranging	   from	   -­‐28.4	   to	   -­‐27.8	   ‰.	   TOC	   values	   were	   uniform	   within	   the	   reed	   swamp,	  
ranging	  from	  43.2	  to	  47.4	  %,	  and	  were	  also	  similar	  to	  those	  of	  Transect	  1	  with	  a	  mean	  of	  
46.1.	  C/N	  values	  decreased	  with	  distance	  along	  transect	  from	  16	  at	  the	  beginning	  of	  the	  
transect,	  decreasing	  to	  13.5	  (the	  minimum	  of	  Transect	  2)	  at	  the	  boundary	  with	  the	  fen	  
carr.	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At	  the	  boundary	  between	  the	  fen	  car	  (n	  =	  3)	  and	  reed	  swamp,	  δ13C	  was	  at	  a	  minimum	  of	  
-­‐29.6	  ‰	   (also	   the	   transect	  minimum)	   and	   increased	  with	   distance	   inland	   to	   -­‐28.8	  ‰.	  
Mean	  δ13C	  (-­‐29.2	  ‰)	  was	  slightly	  lower	  than	  the	  fen	  carr	  of	  Transect	  1	  (-­‐28.8	  ‰).	  TOC	  
(mean:	  46	  %)	  was	  uniform	  in	  the	  fen	  carr,	   ranging	  from	  46.2	  to	  47.3	  %,	  and	  similar	   to	  
Transect	  1.	  There	  was	  an	  increase	  in	  C/N	  from	  values	  of	  the	  reed	  swamp.	  Mean	  C/N	  was	  
stable	  with	  a	  mean	  of	  18.3,	  ranging	  from	  17.8	  to	  19.1.	  
5.4.2.2 Dartford Creek Transect 
The	   Dartford	   Creek	   transect	   (Fig	   5.3)	   covered	   tidal	   flat,	   low,	   middle	   and	   high	   marsh	  
zones	  from	  an	  elevation	  of	  1.63	  to	  3.40	  m	  OD,	  which	  is	  above	  mean	  high	  water	  spring	  
tides	  (MHWST).	  The	  tidal	  flat/low	  marsh	  zone	  (n	  =	  7)	  had	  uniform	  values	  of	  δ13C	  (-­‐25.9	  
to	  -­‐25.1	  ‰),	  TOC	  (3.0	  to	  3.9	  %),	  and	  C/N	  (8.8	  to	  9.7).	  A	  decreasing	  trend	  in	  δ13C	  values	  
with	  distance	  landward	  was	  observed	  in	  the	  middle-­‐high	  marsh	  zone	  (n	  =	  11)	  with	  δ13C	  
decreasing	  from	  -­‐25.9	  ‰	  at	  the	  boundary	  with	  the	  low	  marsh	  to	  -­‐27.7	  ‰	  at	  the	  edge	  of	  
the	  high	  marsh.	  TOC	  values	  decreased	  from	  the	  middle	  to	  high	  marsh	  with	  stable	  values	  
in	  the	  middle	  marsh	  between	  7.0	  and	  7.2	  %	  and	  high	  variability	  in	  the	  high	  marsh	  with	  
values	   ranging	   between	   10.2	   and	   18.0	   %.	   C/N	   values	   increased	   with	   distance	   along	  
transect	  in	  the	  middle-­‐high	  marsh	  with	  a	  minimum	  of	  11.5	  at	  ~	  12	  m	  to	  a	  maximum	  of	  
14.1	  at	  ~	  37	  m	  along	  the	  transect. 
CHAPTER	  5	  
	   163	  
5.4.2.3 Wat Tyler Transect 
The	   transect	   at	   Wat	   Tyler	   (Fig	   5.4)	   incorporated	   low,	   middle	   and	   high	   marsh,	   and	  
Phragmites	  brackish	  transition	  environments	  ranging	  in	  elevation	  from	  1.7	  to	  4.2	  m	  OD,	  
which	   is	   above	   MHWST.	   The	   tidal	   flat/low	   marsh	   zone	   (n	   =	   8)	   had	   fluctuating	   δ13C	  
between	  -­‐26.7	  to	  -­‐25.2	  ‰.	  TOC	  values	  in	  this	  zone	  gradually	  increased	  from	  3.3	  %	  in	  the	  
pioneer	   marsh	   to	   6.9	   %,	   at	   26	   m	   along	   the	   transect	   in	   the	   low	   marsh.	   C/N	   values	  
exhibited	  a	  similar	  pattern	  to	  TOC;	  C/N	  increased	  in	  values	  from	  pioneer	  to	  low	  marsh	  of	  
10.1	  to	  11.4.	  The	  δ13C	  values	  of	  the	  middle/high	  marsh	  zone	  (n	  =	  4)	  are	  lower	  than	  the	  
tidal	   flat/low	  marsh	   zone,	   ranging	   from	   -­‐26.9	   to	   -­‐26.3	  ‰.	   TOC	   values	   increase	   in	   the	  
middle/high	  marsh	  from	  15.5	  %	  at	  28	  m	  to	  24.0	  %	  at	  36	  m	  along	  the	  transect.	  C/N	  values	  
also	  generally	  increase	  in	  this	  zone	  from	  a	  minimum	  of	  11.9	  to	  a	  maximum	  of	  14.6	  at	  32	  
m	  along	  the	  transect.	  The	  Phragmites	  brackish	  transition	  zone	  (n=3)	  exhibited	  variability	  
in	   δ13C,	   ranging	   from	   -­‐28.0	   to	   -­‐26.1	  ‰.	   TOC	   values	   increased	   from	   the	   middle/high	  
marsh	  zone	  and	  within	  the	  brackish	  transition	  zone	  from	  28.8	  %	  at	  the	  boundary	  with	  
the	  high	  marsh	  to	  33.4	  %	  at	  the	  highest	  elevation	  at	  the	  landward	  edge	  of	  the	  transect.	  
C/N	  values	  showed	  similar	  variability	  to	  δ13C,	  ranging	  from	  12.4	  to	  16.3.	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Figure	  5.3	  Transect	  C–C1	  at	  Dartford	  Creek.	  Elevation	  profile,	  floral	  zones,	  δ13C	  values,	  total	  organic	  carbon	  
(TOC)	  and	  C/N	  ratios	  are	  shown	  for	  bulk	  surface	  sediment	  samples	  along	  each	  transect.	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Figure	  5.4	  Transect	  D–D1	  at	  Wat	  Tyler	  Country	  Park	  nature	  reserve.	  Elevation	  profile,	  floral	  zones,	  δ13C	  
values,	  total	  organic	  carbon	  (TOC)	  and	  C/N	  ratios	  are	  shown	  for	  bulk	  surface	  sediment	  samples	  along	  each	  
transect.	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5.4.2.4 Two Tree Transects 1 and 2 
Two	  Tree	  Transect	  1	  has	   tidal	   flat	  and	   low	  and	  middle	  marsh	  environments	   (Fig	  5.5a),	  
with	  undulating	   topography	   (due	   to	  dissecting	   tidal	   creeks	   and	  drainage	  ditches).	   The	  
transect	  extends	  from	  2.00	  to	  2.80	  m	  OD	  in	  elevation,	  which	  is	  between	  0.03	  m	  below	  
mean	   high	  water	   neap	   tides	   (MHWNT)	   and	   0.29	  m	   below	  MHWST.	   The	   tidal	   flat/low	  
marsh	  zone	  (n	  =	  6)	  had	  a	  mean	  δ13C	  of	  -­‐20.8	  ‰,	  ranging	  from	  -­‐21.3	  to	  -­‐19.5	  ‰,	  mean	  
TOC	  of	  2.6	  %,	  ranging	  from	  0.6	  to	  4.5	  %,	  and	  mean	  C/N	  of	  8.5,	  ranging	  from	  8.0	  to	  9.4.	  
Compared	  to	  the	  tidal	  flat/low	  marsh	  zone,	  the	  middle	  marsh	  zone	  (n	  =	  5)	  had	  a	  lower	  
mean	   δ13C	   of	   -­‐23.1	  ‰,	   ranging	   from	   -­‐24.0	   to	   -­‐22.4	  ‰,	   higher	   mean	   TOC	   of	   3.7	   %,	  
ranging	  from	  1.4	  to	  4.6	  %,	  and	  higher	  mean	  C/N	  of	  9.4,	  ranging	  from	  8.6	  to	  10.4.	  	  
Two	  Tree	  Transect	  2	  also	   included	  tidal	   flat,	   low	  and	  middle	  marsh	  environments,	  but	  
lacked	  much	  of	  the	  undulating	  topography	  of	  Transecy	  1	  (Fig	  5.5b).	  The	  transect	  ranged	  
from	   2.13	   to	   2.79	  m	  OD	   (between	  MHWNT	   and	   0.29	  m	   below	  MHWST).	   δ13C	   values	  
increase	  with	  distance	  along	  transect	  from	  a	  minimum	  of	  -­‐22.0	  ‰	  in	  the	  tidal	   flat/low	  
marsh	  zone	  (n	  =	  2)	  to	  a	  maximum	  of	  -­‐25.1	  ‰	  at	  ~	  7	  m	  along	  the	  transect	  in	  the	  middle	  
marsh	  zone	  (n=4).	  TOC	  values	  exhibited	  a	  similar	  pattern,	  with	  a	  minimum	  TOC	  of	  1.6	  %	  
in	   the	   tidal	   flat/low	  marsh,	   increasing	   to	   a	  maximum	   value	   of	   5.6	  %	   at	   the	   landward	  
edge	  of	  the	  transect	  in	  the	  middle	  marsh.	  C/N	  values	  also	  increased	  with	  distance	  along	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transect	  from	  a	  minimum	  of	  9.1	  in	  the	  tidal	  flat/low	  marsh	  to	  a	  maximum	  of	  10.7	  at	  the	  
landward	  edge	  in	  the	  middle	  marsh.	  
5.5 DISCUSSION 
5.5.1 δ13C and C/N characteristics of vegetation from coastal environments  
We	  combine	   the	  measured	  δ13C	  and	  C/N	  values	   from	   the	   four	   sites	   in	   this	   study	  with	  
particulate	   organic	   matter	   collected	   along	   a	   salinity	   gradient	   on	   the	   Thames	   Estuary	  
(Bristow	   et	   al.,	   2012)	   and	   vegetation	   sampled	   from	   salt	   marshes	   of	   Kent	   (Andrews,	  
2008),	  Welwick	  Marsh	  located	  on	  the	  outer	  the	  Humber	  Estuary	  (Lamb	  et	  al.,	  2007)	  and	  
the	  Mersey	   Estuary	   (Wilson	   et	   al.,	   2005a,b)	   and	   fen	   carr	   environments	   in	   Kent,	   East	  
Sussex	   and	   the	   Norfolk	   Broads	   (Andrews,	   2008)	   (Appendix	   A3).	   The	   additional	   data	  
supplements	   environments	   that	   were	   under-­‐sampled	   in	   our	   study	   areas.	   We	   find	  
distinctions	  in	  δ13C	  and	  C/N	  values	  of	  aquatic,	  C3	  salt	  marsh,	  C4	  salt	  marsh,	  and	  leaf	  and	  
wood	  tissue	  from	  fen	  carr	  vegetation	  (Fig	  5.6a).	  	  
Aquatic	  vegetation	   (seaweed	  and	  algae)	  had	   low	  C/N	  values	   (mean	  ±	  1	  s.d.:	  9.2	  ±	  3.3)	  
due	   to	   lower	   levels	  of	   structural	  carbohydrates	  and	  greater	  amounts	  of	  N-­‐rich	  protein	  
(Tyson,	   1995).	   The	   wide	   range	   in	   δ13C	   values	   of	   algae	   (-­‐19.0	   ±	   8.1	   ‰)	   reflects	   the	  
environment	  in	  which	  it	  was	  formed;	  freshwater	  algae	  is	  reported	  to	  range	  from	  -­‐30	  to	  -­‐
26	  ‰,	  while	  marine	  algae	  ranges	  from	  -­‐23	  to	  -­‐16	  ‰.	  Particulate	  organic	  matter	  (POM)	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had	  values	  similar	  to	  aquatic	  vegetation	  with	  δ13C	  of	  -­‐20.1	  ±	  4.0	  ‰	  and	  C/N	  of	  9.6	  ±	  1.8,	  
although	   algal	   derived	   OM	   was	   estimated	   to	   comprise	   only	   a	   small	   proportion	   the	  
particulate	   organic	   carbon	   (<15	  %	   of	   particulate	   organic	   carbon	   and	   nitrogen	   at	  
sampling	   sites	  where	  δ13C	  values	  were	  more	  enriched	   than	  −17	  ‰);	  marsh	  plants	  and	  
seagrasses	  were	  considered	  to	  contribute	  significantly	  to	  the	  POM	  pool	   in	  the	  Thames	  
(Bristow	  et	  al.,	  2012). 
C3	  salt	  marsh	  vegetation	  (-­‐26.8	  ±	  1.3	  ‰)	  had	  higher	  δ13C	  values	  than	  vegetation	  samples	  
collected	  from	  freshwater	  environments	   (-­‐31.2	  ±	  1.3	  ‰	  and	  -­‐30.2	  ±	  1.5	  ‰	  in	   leaf	  and	  
wood,	  respectively),	  which	  may	  be	  related	  to	  stress	   imposed	  on	  salt	  marsh	  vegetation	  
from	  greater	  relative	  ambient	  salinity	  (van	  Groenigen	  and	  van	  Kessel,	  2002).	  Decreased	  
stomatal	   conductance	   (the	   ‘openness’	   of	   the	   stomatal	   aperture),	   due	   to	   increased	  
salinity	  stress	  causes	  more	  CO2	  inside	  the	  leaf	  to	  react	  with	  CO2-­‐fixing	  enzymes	  and	  less	  
fractionation	  of	  isotopes	  to	  occur	  (Guy	  et	  al.,	  1980);	  thus,	  plant	  δ13C	  increases	  (Farquhar	  
et	  al.,	  1982;	  Guy	  and	  Reid,	  1986).	  This	  variation	   in	  δ13C	  may	  be	  of	  great	   importance	   in	  
distinguishing	  C3	  plant	   types	  accumulating	  under	   saline	  and	   freshwater	   conditions.	  No	  
consistent	   variations	   in	   δ13C	   or	   C/N	   values	   of	   different	   plant	   species	   were	   observed	  
among	  vegetation	  types.	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The	  δ13C	  values	  of	  C4	  salt	  marsh	  vegetation	  (-­‐13.5	  ±	  0.8	  ‰)	  varied	  from	  C3	  salt	  marsh	  (-­‐
26.8	  ±	  1.3	  ‰)	  and	  freshwater	  vegetation	  (-­‐31.2	  ±	  1.3	  ‰	  and	  -­‐30.2	  ±	  1.5	  ‰	  in	  leaf	  and	  
wood	   tissue,	   respectively)	   due	   to	   differences	   in	   the	   isotopic	   fractionation	   that	   occurs	  
during	  photosynthesis	   related	  to	  the	  enzyme	  used	  to	  reduce	  CO2	  to	  carbohydrates.	  C4	  
plants	  typically	  range	  in	  δ13C	  from	  -­‐17	  ‰	  to	  -­‐9	  ‰	  (Chmura	  and	  Aharon,	  1995)	  and	  have	  
mutually	  exclusive	  values	  from	  C3	  plants	  (Smith	  and	  Epstein,	  1971),	  which	  typically	  range	  
from	  -­‐32	  ‰	  to	  -­‐21	  ‰	  (Deines,	  1980).	  As	  Lamb	  et	  al.	  (2007)	  observed,	  no	  difference	  in	  
δ13C	   or	   C/N	   values	   existed	   between	   above-­‐	   and	   belowground	   components	   of	  
herbaceous	   C3	   or	   C4	   marsh	   vegetation	   in	   the	   combined	   dataset,	   which	   enables	  
herbaceous	   vegetation	   to	   be	   characterized	   by	   one	   grouping,	   as	   opposed	   to	   C3	  
freshwater	  vegetation,	  which	  is	  separated	  into	  leaf	  and	  wood	  components.	  Conversely,	  
leaf	   tissue	   from	   freshwater	   vegetation	   (16.3	   ±	   3.5)	   and	   herbaceous	   salt	   marsh	  
vegetation	  (34.6	  ±	  20.7	  and	  27.4	  ±	  7.7	  in	  C3	  and	  C4	  plant	  types,	  respectively)	  had	  lower	  
C/N	  values	  than	  the	  woody	  plant	  tissue	  (57.5	  ±	  15.3)	  of	  twigs	  and	  stems	  of	  these	  plant	  
types.	   This	   variation	   is	   related	   to	   the	   much	   greater	   proportion	   of	   N-­‐devoid	   lignin	   in	  
wood	  compared	  to	  leaves	  (Tyson,	  1995;	  Vane	  et	  al.,	  2013a).	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5.5.2 δ13C, TOC and C/N characteristics of bulk sediments from coastal 
wetlands  
We	   identified	   statistically	   significant	   differences	   in	   bulk	   sediment	   δ13C,	   TOC,	   and	   C/N	  
values	  of	  tidal	  flat/low	  marsh,	  middle/high	  marsh,	  reed	  swamp,	  and	  fen	  carr	  floral	  zones	  
from	  the	  coastal	  wetlands	  on	  the	  Thames	  and	  in	  Norfolk	  (Table	  1).	  Tidal	  flat/low	  marsh	  
and	  middle/high	  marsh	   environments	   were	   grouped	   together	   because	   their	   range	   of	  
values	   overlapped	   and	  were	   indistinguishable	   from	  one	   another	   on	   a	   statistical	   basis.	  
Tidal	  flat	  and	  low	  marsh	  sediments	  had	  δ13C	  values	  of	  -­‐23.9	  ±	  2.3	  ‰	  (mean	  ±	  1	  s.d.),	  TOC	  
values	  of	  3.6	  ±	  1.6	  %,	  and	  C/N	  values	  of	  9.6	  ±	  1.0.	  The	  relatively	  high	  δ13C	  and	  low	  TOC	  
and	  C/N	  values	  in	  this	  zone	  result	  from	  minimal	  incorporation	  of	  in	  situ	  vegetation	  cover	  
into	   sediments,	   greater	   import	  of	   allochthonous	  particulate	  organic	  matter	   and	  algae,	  
and	   high	   rates	   of	   minerogenic	   sedimentation	   (Wilson	   et	   al.,	   2005a)	   (Fig	   5.6b).	   In	  
addition,	   in	   situ	  organic	  matter	   from	   this	   environment	  may	   be	   exported	   due	   to	   tidal	  
action	  (Boorman,	  2000;	  Bristow	  et	  al.,	  2012)	  or	  organic	  matter	  may	  be	  altered	  or	  broken	  
down	  due	  to	  high	  rates	  of	  microbial	  activity,	  stimulated	  by	  greater	  nutrient	  import	  from	  
particulate	  organic	  matter	  sources	  (Lamb	  et	  al.,	  2006).	  
Sediments	   from	   the	  middle/high	  marsh	   zone	   had	   δ13C	   values	   of	   -­‐25.6	   ±	   1.7	  ‰,	   TOC	  
values	  of	   8.7	   ±	   6.1	  %,	   and	  C/N	   values	  of	   11.4	   ±	   1.8.	   δ13C	   values	   show	   little	   alteration	  
from	  their	  autochthonous	  vegetation	  counterparts	   (Fig	  5.6b),	  although	   lower	  TOC	  and	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C/N	   values	   suggest	   a	   secondary	   contribution	   to	   sedimentary	   organic	   matter	   from	  
allochthonous	   marine	   or	   riverine	   organic	   matter	   sources.	   High	   minerogenic	  
sedimentation	   indicates	   transport	   of	   allochthonous	   material	   to	   the	   marsh	   surface,	  
including	  marine	  and	  riverine	  dissolved	  and	  particulate	  organic	  matter	  (Boorman	  et	  al.,	  
2000).	  Alternatively,	  diagenesis	  where	  immobile	  nitrogen	  is	  retained	  during	  subsequent	  
loss	  of	  carbon	  through	  oxidation	  (Chmura	  et	  al.,	  1987;	  Ember	  et	  al.,	  1987)	  may	  explain	  
why	   bulk	   sediment	   C/N	   values	   fall	   within	   the	   lower	   range	   of	   vegetation.	   The	  
incorporation	  of	  fungal	  mycelium	  has	  also	  been	  shown	  to	  increase	  N,	  with	  a	  subsequent	  
drop	  in	  C	  by	  10%	  in	  degraded	  material	  (Vane	  et	  al.,	  2001).	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Table 5.1!Summary of statistical analyses of bulk sedimentary organic matter from six modern transects 
at four sites. One-way Analysis of Variance (ANOVA) with environment (tidal flat/low marsh, 
mid/high marsh, reed swamp, fen carr) as the grouping factor and nest ANOVA with site nested within 
environment was used to analyze δ13C, TOC, and C/N data. Significant differences among means for 
the main effect of environment and nested effect of site (Tukey’s Honestly Significant Difference) are 
indicated by different letters. 
Zone n δ13C TOC C/N 
Tidal flat/Low marsh 22 -23.9 ± 2.3 A 3.6 ± 1.6 A 9.6 ± 1.0 A 
Mid/High marsh 24 -25.6 ± 1.7 B 8.7 ± 6.1 B 11.4 ± 1.8 B 
Reed swamp 19 -27.9 ± 0.7 C 37.9 ± 9.8 C 13.9 ± 1.2 C 
Fen carr 8 -29.0 ± 0.5 D 46.3 ± 1.0 D 18.2 ± 3.8 D 
ANOVA 
         F ratio 
 
164.5 
<0.0001 
170.4 
<0.0001 
67.8 
<0.0001   prob>F 
          
Site Zone 
       
TT Tidal flat/Low marsh 8 -21.1 ± 0.9 A 2.4 ± 1.3 A 8.7 ± 0.6 A 
Mid/High marsh 9 -23.6 ± 0.9 B 3.8 ± 1.3 A 9.4 ± 0.7 A 
         
DC Tidal flat/Low marsh 7 -25.4 ± 0.2 C 3.4 ± 0.3 A 3.4 ± 0.3 A 
Mid/High marsh 11 -26.9 ± 0.6 D 8.9 ± 4.2 AB 12.4 ± 0.9 BC 
         
WT 
Tidal flat/Low marsh 7 -25.6 ± 0.5 C 5.0 ± 1.6 A 10.8 ± 0.4 AB 
Mid/High marsh 4 -26.8 ± 0.3 D 18.9 ± 4.1 BC 13.1 ± 1.3 CD 
Brackish 
transition/Reed 
swamp 
3 -26.7 ± 1.1 D 31.8 ± 2.6 CD 13.8 ± 2.2 CD 
         
TE Reed swamp 16 -28.1 ± 0.3 E 39.1 ± 10.3 DE 13.8 ± 1.1 C 
Fen carr 8 -29.0 ± 0.5 F 46.3 ± 1.0 E 18.2 ± 3.8 D 
ANOVA 
  F ratio 
  prob>F 
       
 
91.8 
<0.0001 
5.4 
0.0003 
6.3 
<0.0001 !
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Sediments	  from	  the	  reed	  swamp	  zone	  had	  δ13C	  values	  of	  -­‐27.9	  ±	  0.7	  ‰,	  TOC	  values	  of	  
37.9	  ±	  9.8	  %,	  and	  C/N	  values	  of	  13.9	  ±	  1.2.	  Although	  Phragmites	  australis,	  the	  dominant	  
reed	   swamp	   vegetation,	   has	   plant	   tissues	   with	   δ13C	   and	   C/N	   values	   within	   the	   same	  
range	   as	   C3	   salt	  marsh	   vegetation,	   δ13C,	   TOC	   and	  C/N	   values	   of	   sediments	  within	   this	  
floral	   zone	   vary	   from	   those	  of	   the	   salt	  marsh.	   This	   variation	  may	  be	  explained	  by	   the	  
reduced	  tidal	  influence	  on	  the	  Phragmites	  reed	  swamp	  zone.	  Sediments	  accumulating	  in	  
this	   zone	   represent	   in	   situ	   vegetation,	   rather	   than	   a	   combination	   of	   in	   situ	   vascular	  
vegetation	   and	   allochthonous	   marine	   or	   fluvial	   particulate	   organic	   matter	   and	   algae.	  
Similar	   to	   the	   middle/high	   marsh,	   C/N	   values	   of	   bulk	   sediment	   are	   within	   the	   lower	  
range	  of	  vegetation,	  which	  may	  be	  related	  to	  early	  diagenesis.	  	  
Fen	  carr	  bulk	  sediments	  had	  δ13C	  values	  of	  -­‐29.0	  ±	  0.5	  ‰,	  TOC	  of	  46.3	  ±	  1.0	  %,	  and	  C/N	  
values	  of	  18.2	  ±	  3.8.	  Sedimentation	  in	  this	  zone	  is	  dominantly	  organogenic,	  indicated	  by	  
high	   TOC	   values	   and	   δ13C	   values	   representative	   of	   the	   C3	   freshwater	   vegetation	  
occupying	   this	   zone.	  δ13C	   values	  of	   sediments	   from	   the	   fen	   carr	   fall	  within	   the	  higher	  
range	  of	  δ13C	  values	  of	  their	  modern	  vegetation	  counterparts	  (Fig	  5.6b),	  which	  suggests	  
the	   preferential	   degradation	   of	   lignin	   by	   white-­‐rot	   and	   soft-­‐rot	   fungi	   (Hatakka,	   1994;	  
Vane	  et	  al.,	  2003;	  Vane	  et	  al.,	  2005;	  Vane	  et	  al.,	  2006).	  Lignin	  tends	  to	  be	  4	  to	  7	  ‰	  more	  
depleted	   in	  δ13C	   relative	   to	  bulk	  plant	  material	   (Benner	  et	  al.,	  1987),	   thus	   its	  decay	   in	  
sediments	  would	  cause	  δ13C	  values	   to	   increase.	  C/N	  values	  of	   fen	  carr	   sediment	  were	  
within	   the	   range	   of	   freshwater	   leaf	   material	   (Fig	   5.6b),	   which	   indicates	   that	   most	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sedimentary	  organic	  matter	   is	   either	  primarily	  derived	   from	   leaves	  or	   that	   the	  woody	  
material	  incorporated	  into	  sediments	  is	  significantly	  altered	  to	  cause	  a	  large	  drop	  in	  its	  
C/N	   content,	   also	   consistent	   with	   the	   breakdown	   of	   N-­‐devoid	   lignocellulosic	  
compounds.	  
Site-­‐specific	   variations	   in	   δ13C	   values	   of	   sediments	   were	   also	   observed	   (Table	   1).	   In	  
particular,	  the	  tidal	  flat/low	  marsh	  and	  middle/high	  marsh	  sediments	  of	  Two	  Tree	  Island	  
differed	   from	   those	   of	   the	   Dartford	   Creek	   and	   Wat	   Tyler	   sites.	   We	   infer	   that	   these	  
differences	   in	   δ13C	   values	   are	   related	   to	   salinity	   variations	   among	   sites.	   Porewater	  
salinity	  of	  sampling	  stations	  at	  Two	  Tree	  Island	  ranged	  from	  34	  to	  37,	  while	  at	  Dartford	  
Creek	   and	   Wat	   Tyler,	   salinity	   was	   only	   26	   to	   34.	   Middelburg	   and	   Herman	   (2007)	  
measured	  the	  δ13C	  of	  suspended	  organic	  matter	   in	  relation	  to	  a	  salinity	  gradient	  along	  
the	   Thames	   Estuary	   and	   found	   increasing	   δ13C	   with	   increasing	   salinity.	   Coincidently,	  
salinity	  levels	  of	  >	  34	  corresponded	  to	  δ13C	  values	  of	  particulate	  organic	  matter	  of	  -­‐22	  to	  
-­‐20	  ‰,	  and	  salinity	  levels	  of	  26-­‐34	  corresponded	  to	  δ13C	  values	  between	  -­‐26	  and	  -­‐24	  ‰,	  
which	   agrees	   well	   with	   the	   range	   in	   tidal	   flat/low	  marsh	   sediments	   at	   the	   Two	   Tree	  
Island	  (-­‐21.1	  ±	  0.9)	  and	  Dartford	  Creek/Water	  Tyler	  sites	  (-­‐25.4	  ±	  0.2	  ‰	  and	  -­‐25.6	  ±	  0.5	  
‰),	   respectively.	   The	   presence	   of	   C4	   Spartina	   anglica	   (δ13C	   =	   -­‐13.2	  ‰)	   at	   Two	   Tree	  
Island	  contributes	   to	   its	   relatively	  high	  δ13C	  values,	  although	   it	   cannot	  entirely	  explain	  
the	   variation	   between	   sites	   because	   Transect	   2	   at	   the	   site	   was	   positioned	   to	   avoid	  
sampling	  sediments	  colonized	  by	  Spartina,	  and	  its	  sediment	  δ13C	  values	  ranged	  between	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-­‐22.2	   to	   -­‐25.1	   ‰.	   Although	   this	   range	   is	   slightly	   lower	   than	   sampling	   stations	   on	  
Transect	  1	  occupied	  by	  Spartina	  (which	  ranged	  from	  -­‐19.5	  to	  -­‐23.8	  ‰),	   it	   is	  still	  higher	  
than	   the	  δ13C	   values	  of	   >	   -­‐25.0	  ‰	  present	   at	   the	  Dartford	  Creek	  and	  Wat	  Tyler	   sites.	  
Likely	  a	  combination	  of	  these	  two	  factors	  resulted	  in	  the	  observed	  inter-­‐site	  variability.	  
In	   addition,	   TOC	   values	   of	   the	   middle	   marsh	   at	   Two	   Tree	   Island	   were	   lower	   than	  
observed	   in	   the	   Dartford	   Creek	   and	  Wat	   Tyler	   sites	   (Table	   1).	   This	   variation	   may	   be	  
related	   to	   the	   lower	   elevation	  of	   sampling	   stations,	   and	   thus	   absence	  of	   a	   developed	  
high	   marsh.	   Increased	   tidal	   flux	   at	   the	   Two	   Tree	   Island	   middle	   marsh	   prevents	   the	  
accumulation	  of	  organic	  matter	  by	  greater	  export	  of	  dissolved	  and	  particulate	  organic	  
matter	  and	  macro-­‐detritus	  (Boorman	  et	  al.,	  2000).	  
5.5.3 A database of bulk stable isotope geochemistry from temperate 
wetlands 
We	  produced	  a	  database	  of	  δ13C,	   TOC	  and	  C/N	  bulk	   sediment	   values	   from	   temperate	  
coastal	  wetlands	   of	   the	  UK	   (Mersey	   Estuary:	  Wilson	   et	   al.,	   2005a,b;	   Humber	   Estuary:	  
Lamb	   et	   al.,	   2007;	   Kent,	   East	   Sussex	   and	   Norfolk:	   Andrews,	   2008),	   the	   U.S.	   Atlantic	  
(North	   Carolina:	   Kemp	   et	   al.,	   2010;	   New	   Jersey:	   Kemp	   et	   al.,	   2012b)	   and	   the	   Pacific	  
(Oregon:	  Engelhart	  et	  al.	  2013b;	  Milker	  et	  al.,	  in	  prep)	  coasts	  (Fig	  5.7)	  (Appendix	  A4).	  All	  
studies	  included	  in	  the	  database	  utilized	  identical	  sample	  preparation	  methods	  prior	  to	  
analysis.	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Overall,	  δ13C	  (mean	  ±	  1	  standard	  deviation:	  -­‐26.0	  ±	  2.8	  ‰),	  TOC	  (16.9	  ±	  16.2	  %),	  and	  C/N	  
(13.0	  ±	  3.1)	  values	  in	  the	  dataset	  from	  the	  UK	  were	  comparable	  to	  the	  U.S.	  Pacific	  (δ13C:	  
-­‐25.3	  ±	  2.7	  ‰;	  TOC:	  10.1	  ±	  11.7	  %;	  C/N:	  12.9	  ±	  4.2),	  but	  varied	   from	  the	  U.S.	  Atlantic	  
coast	   data	   (-­‐22.0	   ±	   4.6	   ‰;	   TOC:	   15.8	   ±	   12.1	   %;	   C/N:	   17.2	   ±	   5.9)	   (Table	   2).	   The	  
prominence	  of	  the	  C4	  salt	  marsh	  grass	  Spartina	  accounts	  for	  most	  of	  the	  variation	  in	  δ13C	  
values	   among	   regions.	  Spartina	  has	   a	   significant	   presence	   in	   salt	  marshes	  on	   the	  U.S.	  
Atlantic	   coast	   study	   sites,	   although	   a	  much	   smaller	   occurrence	   in	   the	   UK	   and	   Pacific	  
study	  areas.	  In	  addition	  to	  the	  tidal	  flat/low	  marsh	  group	  having	  higher	  δ13C	  values,	  the	  
brackish	  transition	  and	  upland	  vegetation	  zones	  from	  the	  U.S.	  Atlantic	  coast	  study	  areas	  
also	  have	  higher	  δ13C	  values	  than	  their	  counterparts	  in	  the	  UK	  (Table	  2).	  This	  difference	  
cannot	   be	   explained	   by	   the	   presence	   of	   C4	   vegetation	   alone,	   and	  may	   be	   related	   to	  
another	   factor	   that	   varies	   on	   a	   regional	   scale,	   such	   as	   climate	   or	   environmental	  
stressors.	   Comparison	   of	   TOC	   values	   between	   regions	   shows	   that	   high	   marsh	  
environments	   of	   the	   U.S.	   Pacific	   and	   U.S.	   Atlantic	   coasts	   in	   particular	   have	   greater	  
organic	  matter	  content	  than	   in	  the	  high	  marsh	  of	  the	  UK,	  which	   is	  consistent	  with	  the	  
minerogenic	   and	   organogenic	   nature	   of	   UK	   and	  U.S.	  marshes,	   respectively	   (Allen	   and	  
Pye,	   1992;	   Middelburg	   et	   al.,	   1997).	   The	   organic	   matter	   content	   of	   marshes	   varies	  
between	   regions	   because	   colder	   temperatures	   and	   shorter	   growing	   season	   in	   the	  UK	  
limits	   biomass	   productivity,	   making	   mineral	   matter	   delivered	   by	   tides	   the	   dominant	  
source	  of	  sediment	  accumulation	  (Allen,	  1990;	  Allen	  and	  Pye,	  1992;	  French	  and	  Spencer,	  
1993;	  French,	  1993;	  Middelburg	  et	  al.,	  1997).	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Table 5.2 Regional comparison of contemporary δ13C, TOC and C/N of bulk sedimentary 
organic matter measured in this study and sites in England (Wilson et al. 2005a,b; Lamb 
et al., 2007; and Andrews, 2009), the US Atlantic coast (Kemp et al., 2010; 2012) and the 
US Pacific coast (Engelhart et al., 2013; Milker et al., in prep). Mean and one standard 
deviation are listed for each environment. 
Environment Region n δ13C TOC Corg/Ntotal 
Tidal flat/ 
Low marsh 
US Pacific 52 -23.6 ± 1.9 2.3 ± 1.8 10.1 ± 2.5 
England 20 -24.9 ± 1.2 3.6 ± 1.7 9.9 ± 0.8 
US Atlantic 21 -20.1 ± 3.3 6.9 ± 5.6 17.3 ± 6.6 
 
 
    
C4 marsh 
England 23 -21.6 ± 2.7 6.8 ± 6.2 12.7 ± 3.9 
US Atlantic 41 -17.1 ± 1.0 14.6 ± 8.8 14.6 ± 2.4 
 
 
    
Mid/High marsh 
US Pacific 36 -26.6 ± 1.9 16.6 ± 8.8 15.0 ± 2.7 
England 40 -26.2 ± 1.0 9.8 ± 6.7 12.1 ± 1.8 
US Atlantic 31 -26.2 ± 1.3 16.6 ± 11.2 18.5 ± 2.2 
 
 
    
Brackish 
transition 
US Pacific 7 -29.6 ± 0.8 30.0 ± 4.7 20.4 ± 3.7 
England 4 -27.2 ± 1.2 26.1 ± 11.5 14.1 ± 1.9 
US Atlantic 12 -25.6 ± 1.9 22.5 ± 8.8 16.0 ± 4.2 
 
 
    
Reed swamp England 16 -28.1 ± 0.3 39.1 ± 10.3 13.8 ± 1.1 
 
 
    
Fen carr England 29 -28.8 ± 0.7 29.1 ± 17.1 15.8 ± 3.3 
 
 
    
Upland US Pacific 
3 -28.9 ± 1.0 41.1 ± 1.2 18.7 ± 0.7 
US Atlantic 14 -26.7 ± 1.3 25.2 ± 20.8 23.0 ± 11.9 !
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In	   marshes	   on	   the	   U.S.	   Atlantic	   coast,	   organic	   matter	   from	   salt	   marsh	   vegetation	  
(predominantly	  belowground	  biomass)	  is	  the	  significant	  contributor	  to	  marsh	  accretion	  
(Turner	   et	   al.,	   2000).	   C/N	   values	   of	   wetland	   environments	   of	   the	   UK	   were	   lower	  
compared	   to	   the	   U.S.	   Atlantic	   and	   Pacific	   coasts,	   which	   also	   supports	   greater	  
contribution	  of	  allochthonous	  marine	  or	  freshwater	  particulate	  organic	  matter	  or	  algae	  
to	  sediments	  (and	  is	  also	  consistent	  with	  low	  TOC	  values).	  
The	   distribution	   of	   the	   δ13C,	   TOC,	   and	   C/N-­‐defined	   depositional	   environments	   will	  
depend	  on	  local/regional	  physiographic	  conditions	  (e.g.,	  Chmura	  and	  Aharon,	  1995)	  and	  
accordingly.	   In	   North	   Carolina,	   for	   instance,	   the	   high	  marsh	   zone	   is	   dominated	   by	   C3	  
Juncus	   roemerianus,	  although	   in	  patches,	   C4	  Spartina	   cynusoides	  can	   grow	   in	   the	  high	  
marsh,	   which	   limits	   the	   precision	   of	   paleoenvironmental	   reconstruction	   (Kemp	   et	   al.,	  
2010).	   Furthermore,	   the	   presence	  of	   the	   C3	   vegetation	   in	   the	   high	  marsh	   complicates	  
distinction	  between	  this	  environment	  with	  upland	  floral	  zones	   (Kemp	  et	  al.,	  2010).	  On	  
the	  contrary,	   the	  high	  marsh	   in	  New	  Jersey	   is	  occupied	  by	  C4	  Spartina	  alterniflora	  and	  
Spartina	   patens,	   thus	   facilitating	   distinction	   between	   the	   C3	   dominated	   brackish	   and	  
upland	  zones	  from	  high	  marsh	  environments;	  these	  environments	  can	  be	  even	  further	  
subdivided	  by	   the	  presence/absence	  of	  agglutinated	  salt	  marsh	   foraminifera	   (Kemp	  et	  
al.,	  2012b).	  In	  the	  study	  sites	  in	  Oregon	  on	  the	  U.S.	  Pacific	  coast	  (Engelhart	  et	  al.,	  2013b;	  
Milker	   et	   al.,	   in	   prep))	  where	   C4	   vegetation	   does	   not	   have	   a	   significant	   presence,	   the	  
proportion	  of	  tidally-­‐derived	  particulate	  organic	  matter	  and	  algae	  versus	  in	  situ	  vascular	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vegetation	   incorporated	   into	  sediments	  enables	  distinction	  among	  environment	   types.	  
In	   the	  UK,	  Spartina	  spp.	  are	   increasing	   in	  occurrence,	  particularly	   in	  high	  salinity,	   low-­‐
marsh	  environments,	  and	  in	  some	  locations	  (e.g.,	  Humber	  Estuary),	   it	   is	  present	   in	  the	  
high	   marsh	   (Lamb	   et	   al.,	   2007).	   While	   the	   occurrence	   of	   this	   species	   will	   facilitate	  
distinction	   among	   low,	   high	   and	   upland	   transition	   environments	   due	   to	   its	   discrete	  
values	  from	  C3	  vegetation,	  this	  species	  is	  introduced	  to	  the	  UK	  and	  is	  not	  represented	  in	  
Holocene	  sedimentary	  archives.	  	  
In	  studies	  of	  contemporary	  distributions	  of	  bulk	  sediment	  δ13C	  in	  the	  UK,	  care	  must	  be	  
taken	  in	  how	  sediments	  occupied	  by	  C4	  vegetation	  are	  addressed.	  In	  the	  Mersey	  Estuary	  
(Wilson	   et	   al.,	   2005a,b),	   Spartina	   has	   limited	   presence	   and	   therefore,	   marsh	  
environments	   with	   this	   vegetation	   type	   were	   not	   sampled.	   In	   the	   Humber	   Estuary,	  
Spartina	   spp.	   were	   present	   throughout	   the	   marsh	   platform,	   which	   complicated	   the	  
range	   of	   δ13C	   values	   in	   relationship	   to	   depositional	   environment	   (Lamb	   et	   al.,	   2007).	  
Attempts	  to	  correct	  for	  the	  presence	  of	  C4	  vegetation	  could	  be	  made	  by	  employing	  end-­‐
member	  mixing	  models	  (e.g.,	  Chmura	  et	  al.,	  1987),	  although	  simplistic	  models	  have	  had	  
little	  success	  in	  predicting	  sediment	  δ13C	  values	  in	  wetlands	  of	  the	  UK	  (e.g.	  Wilson	  et	  al.,	  
2005b;	  Andrews,	  2008).	   In	   this	   study,	  we	  avoided	  Spartina-­‐dominated	  marshes	  where	  
possible,	   and	   in	   our	   high	   salinity	   site	   with	   this	   vegetation	   present,	   we	   identified	   and	  
sampled	  areas	  of	  the	  marsh	  that	  were	  not	  yet	  inhabited	  by	  Spartina	  for	  comparison	  with	  
sampling	  locations	  that	  were.	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5.5.4 The use of δ13C, TOC and C/N to produce sea-level index points from 
the Thames Estuary 
We	  assess	  the	  utility	  of	  the	  modern	  distribution	  of	  δ13C,	  TOC,	  and	  C/N	  values	  from	  the	  
UK	  (excluding	  samples	  with	  influence	  from	  C4	  Spartina)	  alongside	  microfossil	  indicators	  
to	  produce	  three	  sea-­‐level	   index	  points	  and	  one	  limiting	  data	  from	  core	  SW1	  collected	  
from	  Swanscombe	  marshes	  on	   the	   southern	   shore	  of	   the	  River	  Thames	   (Fig	  5.8).	   Sea-­‐
level	  index	  points	  delimit	  the	  unique	  position	  of	  RSL	  over	  time	  and	  space.	  The	  horizontal	  
age	  component	  of	  an	  index	  point	  is	  obtained	  from	  radiocarbon	  dating	  of	  the	  sample	  and	  
its	   associated	   2σ	   calibrated	   age	   range.	   The	   vertical	   component	   of	   an	   index	   point	   is	  
estimated	  using	  the	  indicative	  meaning	  of	  a	  sample,	  which	  describes	  its	  relationship	  to	  a	  
tidal	   datum	   (e.g.,	   MHWST)	   at	   the	   time	   of	   deposition	   using	   the	   mid-­‐point	   (reference	  
water	   level,	   RWL)	   and	   range	   over	   which	   the	   indicator	   is	   found	   in	   the	   contemporary	  
environment	  (indicative	  range).	  If	  a	  sample	  is	  deposited	  in	  a	  terrestrial	  environment,	  it	  is	  
classified	  as	  a	  terrestrial	   limiting	  date,	  providing	  only	  an	  upper	   limit	  on	  the	  position	  of	  
RSL.	   Shennan	   (1982,	   1986),	   Horton	   et	   al.	   (2000)	   and	   Shennan	   and	   Horton	   (2002)	  
established	   the	   indicative	   meaning	   for	   litho-­‐	   and	   biostratigraphical	   sequences	  
commonly	  used	  to	  produce	  sea-­‐level	  index	  points	  (Table	  2).	  We	  estimated	  the	  indicative	  
meanings	  using	  δ13C,	  TOC,	  and	  C/N	  values	  of	  middle/high	  marsh	  (δ13C: -26.2	  ±	  1.0	  ‰;	  
TOC:	  9.8	  ±	  6.7	  %;	  C/N:	  12.1	  ±	  1.8),	  reed	  swamp	  (δ13C:	  -­‐27.2	  ±	  1.2	  ‰:	  TOC:	  39.1	  ±	  10.3	  %;	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C/N:	  13.8	  ±	  1.1)	  and	  fen	  carr	  (δ13C:	  -­‐28.8	  ±	  0.7	  ‰;	  TOC:	  29.1	  ±	  17.1	  %;	  C/N:	  15.8	  ±	  3.3) 
environments	  (Table	  3).	  	  
The	  transgressive	  contact	  between	  a	  peat	  with	  plant	  macrofossils	  and	  an	  overlying	  grey	  
mud	  with	   organics	   at	   -­‐4.76	  m	  OD	   has	   been	   dated	   to	   4138-­‐3896	   cal	   yr	   BP	   (Fig	   5.8b).	  
Across	   the	  contact,	  δ13C	   increased	   from	  -­‐28	   to	   -­‐26	  ‰,	  TOC	  decreased	   from	  45	   to	  5	  %	  
and	   C/N	   fell	   from	   21	   to	   15.	   This	   shift	   in	   values	   is	   consistent	   with	   a	   transition	   from	  
Phragmites	  reed	  swamp	  to	  a	  tidal	  flat/marsh	  environment.	  Foraminifera	  switched	  from	  
an	  agglutinated	  to	  calcareous-­‐dominated	  assemblage,	  which	  is	  consistent	  with	  a	  change	  
in	  environment	  from	  the	  upper	  limits	  of	  tidal	  influence	  to	  a	  middle	  to	  low	  marsh	  or	  tidal	  
flat	   environment	   (Horton	   and	   Edwards,	   2006).	   Similarly,	   the	   diatom	   assemblages	  
suggest	   an	   increase	   in	   salinity	   preference	   with	   the	   number	   of	   polyhalobous	   and	  
mesohalobous	  taxa	  increasing	  and	  number	  of	  oligohalobous	  taxa	  decreasing	  across	  the	  
contact.	   Pollen	   within	   the	   peat	   is	   dominated	   by	   ferns	   with	   Corylus	   and	   Pinus,	   and	  
importantly	   Chenopodium	   at	   >15%	   abundance,	   reflecting	   the	   local	   presence	   of	   salt	  
marsh	  vegetation.	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The	  geochemical	  and	  microfossil	  data	  supports	  the	  Devoy’s	  (1979)	  paleoenvironmental	  
interpretation,	  which	  suggested	  a	  change	  in	  depositional	  environment	  from	  fenwood	  to	  
a	  local	  reed	  swamp	  with	  open	  salt	  marsh	  communities	  at	  the	  transgressive	  contact.	  	  This	  
contact	   is	   interpreted	   as	   a	   Phragmites	   or	   monocot	   peat	   directly	   above	   a	   clastic	  
saltmarsh	  deposit	  (Shennan,	  1986;	  Horton,	  2000).	  Therefore	  the	  RWL	  is	  MHWST	  -­‐	  20	  cm	  
with	  an	  indicative	  range	  of	  ±	  20	  cm	  (Table	  4).	  
The	  regressive	  contact	  between	  a	  monocot	  peat	  overlain	  by	  a	  gray	  mud	  at	  -­‐7.14	  m	  OD	  
produced	  an	  age	  of	   6573-­‐6412	   cal	   yr	  BP	   (Fig	  5.8c).	   δ13C	  decreased	  across	   the	   contact	  
from	  -­‐26	  to	  -­‐29	  ‰,	  TOC	  increased	  from	  5	  to	  50	  %	  and	  C/N	  increased	  from	  21	  to	  26.	  	  The	  
range	  of	  TOC	  and	  C/N	  values	  within	  the	  oak	  fenwood	  peat	  unit	  (Devoy,	  1979)	  are	  higher	  
than	  observed	  ranges	  of	  comparable	  modern	  environments	   (Fig	  5.8e,f),	  but	  consistent	  
with	  δ13C,	  TOC,	  and	  C/N	  values	  of	  Holocene	  oak	  fenwood	  settings	  found	  in	  the	  Humber	  
Estuary	  (Fig	  5.8e,f;	  Andrews,	  2000).	  Across	  the	  regressive	  contact	  the	  δ13C,	  TOC,	  and	  C/N	  
suggest	   a	   transition	   from	   a	   middle/high	   salt	   marsh	   to	   reed	   swamp	   or	   fen	   carr	  
environment.	   Foraminifera	   and	   diatoms	   are	   not	   preserved,	   and	   undifferentiated	   fern	  
spores	  dominate	  the	  pollen	  assemblage.	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The	   geochemical	   data	   support	   the	   inference	   of	   Devoy	   (1979)	   who	   suggested	   the	  
regressive	   contact	  of	   the	  peat	  was	   indicative	  of	   sedge	   fen/reed	   swamp	  with	   local	   salt	  
marsh	  communities.	  Therefore,	  we	  assigned	  this	  dated	  contact	  a	  RWL	  of	  a	  Phragmites	  
or	  monocot	  peat	  directly	  below	  clastic	  saltmarsh	  deposit	  (Shennan,	  1986;	  Horton	  et	  al.,	  
2000),	  which	  is	  (MHWST	  ±	  HAT)/2	  -­‐	  20	  cm	  and	  indicative	  range	  of	  ±	  20	  cm	  (Table	  4).	  	   
A	   date	   of	   7700-­‐7580	   cal	   yr	   BP	   was	   obtained	   from	   a	   Phragmites	   fragment	   at	   the	  
transgressive	   contact	   between	   a	   peat	   and	  mud	   at	   -­‐9.56	  m	   OD	   (Fig	   5.9d).	   Across	   the	  
contact,	  δ13C	  increased	  from	  -­‐29	  to	  -­‐27	  ‰,	  TOC	  decreased	  from	  50	  to	  10	  %,	  and	  C/N	  fell	  
from	  26	  to	  15.	  TOC	  values	  are	  slightly	  higher	  than	  the	  modern	  range	  of	  reed	  swamp	  and	  
fen	   carr	   environments,	   suggesting	   Holocene	   environments	   accumulated	   greater	  
amounts	  of	  organic	  matter	  than	  their	  modern	  equivalents	  (see	  section	  6.4.4	  for	  further	  
discussion).	  Again,	  foraminifera	  and	  diatoms	  are	  absent	  from	  this	  segment	  of	  the	  core,	  
and	  pollen	   from	  Alnus	  and	  Corylus	  are	  dominant	  with	  Poacea	  grass	   subdominant.	  The	  
change	  in	  δ13C,	  TOC,	  and	  C/N	  values	  is	  consistent	  with	  a	  transition	  in	  paleoenvironment	  
from	  reed	  swamp	  to	  salt	  marsh	  conditions,	  which	   is	   in	  agreement	  with	  pollen	  analysis	  
from	   this	   study	   and	   Devoy	   (1979).	   Devoy	   (1979)	   suggested	   the	   depositional	  
environment	   at	   the	   transgressive	   contact	  was	   a	   sedge	   fen/reed	   swamp.	  We	   interpret	  
this	  contact	  to	  represent	  an	  index	  point	  with	  a	  RWL	  of	  MHWST	  –	  20	  cm	  and	  indicative	  
range	  of	  ±	  20	  cm	  (Table	  4).	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A	  wood	  fragment	  within	  an	  alder	  carr	  peat	  at	  -­‐9.71	  m	  OD	  was	  dated	  to	  7817-­‐7620	  cal	  yr	  
BP	  (Fig	  5.8d).	  	  δ13C	  along	  the	  date	  ranged	  between	  -­‐28	  to	  -­‐29	  ‰,	  TOC	  ranged	  between	  
30	  to	  50	  %,	  and	  C/N	  increased	  from	  20	  to	  30.	  These	  values	  are	  consistent	  with	  modern	  
fen	   carr	   environments,	   although	   again,	   core	   TOC	   values	   were	   slightly	   higher.	  
Foraminifera	   were	   absent	   from	   this	   segment	   of	   core,	   which	   was	   also	   palynologically	  
sparse	  with	  only	  Alnus	  pollen	  and	  undifferentiated	  fern	  spores	  preserved.	  The	  δ13C,	  TOC	  
and	   C/N	   values	   permit	   interpretation	   of	   this	   dated	   wood	   to	   be	   a	   freshwater	   limiting	  
point,	  which	  formed	  above	  MTL	  (Table	  4).	  
The	  utility	  of	  δ13C,	  TOC,	  and	  C/N	  in	  the	  production	  of	  Holocene	  sea-­‐level	  index	  points	  is	  
clearly	   illustrated	   in	  the	  application	  to	  Core	  SW1.	  Poor	  preservation	  of	  microfossils,	  an	  
issue	  common	  throughout	  the	  Thames	  Estuary	  (Devoy,	  1979)	  and	  the	  UK	  (Horton	  et	  al.,	  
2000;	   Metcalfe	   et	   al.,	   2000;	   Roberts	   et	   al.,	   2006),	   inhibited	   interpretation	   of	  
stratigraphic	  contacts	   in	  the	  core.	  Based	  on	   lithology	  and	  plant	  macrofossils,	   inference	  
could	  have	  been	  made	  on	   transgressive/regressive	  contacts	   in	   the	  core	   (e.g.,	  Shennan	  
and	   Horton,	   2002),	   but	   in	   the	   absence	   of	   supporting	   information	   from	   microfossils,	  
uncertainties	   would	   exist	   in	   the	   interpretation.	   δ13C,	   TOC,	   and	   C/N	   values	   provide	  
additional	  confidence	  in	  the	  interpretation	  of	  contacts	  within	  the	  core	  that	  are	  based	  on	  
an	   extensive	   modern	   data	   set.	   Post-­‐depositional	   change	   may	   be	   evident	   in	   the	   bulk	  
sediment	  TOC,	  and	  C/N	  values	   (see	  section	  6.4.4),	  although	   it	   is	  not	  prohibitive	   in	   the	  
interpretation	  of	  radiocarbon	  dated	  sea-­‐level	  data	  in	  Core	  SW1.	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5.6 CONCLUSIONS 
We	   investigated	   the	   use	   of	   δ13C,	   TOC,	   and	  C/N	   values	   from	  bulk	   sedimentary	   organic	  
matter	   to	   reconstruct	   RSL	   and	   paleoenvironmental	   change.	  Modern	   transects	   at	   four	  
coastal	   wetlands	   showed	   that	   sediment	   derived	   from	   tidal	   flat/low	   marsh,	   mid/high	  
marsh,	   reed	   swamp	   and	   fen	   carr	   environmental	   zones	   had	   statistically	   distinct	   δ13C,	  
TOC,	  and	  C/N	  values	  due	  to	  the	  relative	  amounts	  of	  in	  situ	  vegetation	  and	  tidal-­‐derived	  
allochthonous	  particulate	  organic	  matter	  and	  algae	  incorporated	  into	  sediments.	  Intra-­‐
site	  variability	  in	  sediment	  δ13C	  values	  was	  observed	  related	  to	  variations	  in	  site	  salinity	  
and	  the	  presence	  of	  the	  C4	  species	  Spartina	  anglica.	  
We	   created	   a	   database	   of	   bulk	   sediment	   δ13C,	   TOC,	   and	   C/N	   values	   from	   temperate	  
coastal	  wetlands	  from	  values	  obtained	  in	  this	  study	  and	  similar	  datasets	  from	  sites	  in	  the	  
UK	   (Humber	   Estuary,	   Mersey	   Estuary,	   Kent,	   East	   Sussex,	   and	   Norfolk)	   and	   the	   U.S.	  
Atlantic	  (New	  Jersey	  and	  North	  Carolina)	  and	  Pacific	  (Oregon)	  coasts.	  The	  distribution	  of	  
δ13C,	   TOC,	   and	   C/N	   values	   among	   environmental	   zones	   in	   the	  UK	  was	   comparable	   to	  
those	  observed	   in	   the	  Pacific	   coast	   sites,	   although	   varied	   from	   the	  U.S.	  Atlantic	   coast	  
due	   likely	   to	  a	   combination	  of	   the	  predominance	  of	  C4	   salt	  marsh	  vegetation,	   climatic	  
conditions,	  and	  local	  environmental	  factors.	  
δ13C,	  TOC,	  and	  C/N	  values	  of	  tidal	  flat/low	  marsh	  (δ13C:	  -­‐24.9	  ±	  1.2	  ‰;	  TOC:	  3.6	  ±	  1.7	  %;	  
C/N:	  9.9	  ±	  0.8),	  middle	  marsh/high	  marsh	  (δ13C:	  -­‐26.2	  ±	  1.0	  ‰;	  TOC:	  9.8	  ±	  6.7	  %;	  C/N:	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12.1	  ±	  1.8),	  brackish	  transition	  (δ13C:	  -­‐27.2	  ±	  1.2	  ‰;	  TOC:	  26.1	  ±	  11.5	  %;	  C/N:	  14.1	  ±	  1.9)	  
reed	  swamp	  (δ13C:	  -­‐28.1	  ±	  0.3	  ‰;	  TOC:	  39.1	  ±	  10.3	  %;	  C/N:	  13.8	  ±	  1.1)	  and	  fen	  carr	  (δ13C:	  
-­‐28.8	  ±	  0.7	  ‰;	  TOC:	  29.1	  ±	  17.1	  %;	  C/N:	  15.8	  ±	  3.3)	  environments	  from	  the	  combined	  UK	  
dataset	  (removing	  sites	  occupied	  by	  Spartina	  spp.)	  were	  used	  alongside	  microfossil	  
(foraminifera,	  pollen,	  diatoms)	  indicators	  to	  interpret	  sequences	  from	  a	  Holocene	  
sediment	  core	  collected	  from	  Swanscombe	  marshes	  on	  the	  Thames	  Estuary.	  δ13C,	  TOC,	  
and	  C/N	  were	  consistent	  with	  interpretations	  based	  on	  microfossils,	  where	  preserved.	  
Post-­‐depositional	  change	  of	  bulk	  sediment	  δ13C,	  TOC,	  and	  C/N	  values	  did	  not	  prohibit	  
paleoenvironmental	  interpretation.	  The	  geochemical	  dataset	  was	  used	  to	  estimate	  the	  
indicative	  meanings	  of	  radiocarbon-­‐dated	  samples	  in	  the	  core	  to	  produce	  three	  new	  
sea-­‐level	  index	  points	  and	  one	  terrestrial	  limiting	  date.	  We	  find	  that	  δ13C,	  TOC,	  and	  C/N	  
of	  bulk	  sedimentary	  organic	  matter	  can	  together	  be	  used	  as	  an	  effective	  tool	  in	  the	  
paleoenvironmental	  interpretation	  of	  Holocene	  sediments	  in	  the	  absence	  of	  microfossil	  
indicators.	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CHAPTER 6. ENVIRONMENTAL AND SEA-LEVEL RECONSTRUCTIONS 
USING A MULTI-PROXY APPROACH 
6.1 INTRODUCTION 
This	  chapter	  builds	  upon	  Chapters	  3-­‐5	  to	  discuss	  the	  application	  of	  proxy	  development	  
in	   the	  Mississippi	  River	  Delta,	  Puerto	  Rico	  and	  the	  greater	  Caribbean,	  and	  the	  Thames	  
Estuary,	  UK	  and	  to	  examine	  the	  implications	  for	  understanding	  processes	  driving	  coastal	  
evolution	  in	  each	  of	  these	  study	  areas.	  	  
The	  aims	  and	  objectives	  of	  this	  chapter	  are	  as	  follows:	  
• To	  compare	  2011	  flood	  sedimentation	  estimates	  measured	  in	  deltaic	  wetlands	  from	  
the	  Atchafalaya,	  Barataria,	  Mississippi	  River	  (Birdsfoot)	  Delta,	  and	  Terrebone	  basins	  
to	   field-­‐calibrated	   satellite-­‐based	  estimates	  of	   suspended	   sediment	   concentrations	  
from	   the	   Atchafalaya	   and	   Mississippi	   River	   plumes	   and	   in	   situ	   hydrographic	  
measurements	  of	  the	  Mississippi	  River	  plume	  to	  assess	  the	  physical	  basis	  for	  spatial	  
variations	  and	  patterns	  in	  wetland	  sedimentation.	  This	  work	  was	  published	  in	  Nature	  
Geoscience;	  
• To	   apply	   the	   modern	   distribution	   of	   δ13C,	   TOC,	   C/N	   and	   the	   ratio	   of	   total	  
foraminifera	   to	   thecamoebians	   to	   radiocarbon-­‐dated	   mangrove	   peats	   from	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sediment	  cores	  collected	  from	  Puerto	  Rico	  to	  develop	  a	  Holocene	  record	  of	  relative	  
sea-­‐level	  (RSL)	  change;	  
• To	  use	   the	   knowledge	   garnered	   in	   Puerto	  Rico	   to	   compile	   a	   database	   of	   sea-­‐level	  
data	   from	   the	   circum-­‐Caribbean	   region	   from	   radiocarbon-­‐dated	   mangrove	   peats	  
from	  previously	  published	  studies;	  
• To	  assess	  the	  spatial	  and	  temporal	  distribution	  of	  the	  Caribbean	  sea-­‐level	  database,	  
consider	   its	   suitability	   for	   comparison	   to	   GIA	   modeling	   studies,	   and	   amake	  
recommendations	  to	  improve	  the	  quality	  of	  the	  sea-­‐level	  data;	  
• To	  apply	  the	  modern	  δ13C,	  TOC,	  and	  C/N	  bulk	  sediment	  dataset	  to	  produce	  new	  sea-­‐
level	  index	  points	  for	  the	  Thames	  Estuary,	  UK	  
	  
	  
6.2 LINKING THE HISTORIC 2011 MISSISSIPPI RIVER FLOOD TO COASTAL 
WETLAND SEDIMENTATION 
6.2.1 CONTEXT 
Louisiana’s	   coastal	   wetlands	   currently	  make	   up	   ~40	  %	   of	  wetlands	   in	   the	   continental	  
United	   States	   and	   provide	   invaluable	   ecosystem	   services	   and	   the	   nation’s	   largest	  
commercial	   fishing	   industry.	   These	  wetlands	   are	   being	   pervasively	   lost	   at	   a	   rapid	   and	  
alarming	   rate	   (Barras,	   2006),	  which	   accounts	   for	   90%	  of	   the	   total	  wetland	   loss	   in	   the	  
lower	   48	   states	   and	   over	   the	   last	   15	   years	   is	   occurring	   at	   a	   rate	   of	   42.93	   km2/yr	  
(Couvillion	   et	   al.,	   2011).	   This	   swift	   disappearance	   is	   in	   part	   a	   consequence	  of	   human-­‐
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induced	  hydrologic	  alteration	  from	  practices	  such	  as	  leveeing,	  canal	  dredging	  (DeLaune	  
et	   al.	   1989;	   Turner	   1991;	   Bass	   and	   Turner,	   1997),	   impoundments	   (Reed,	   1992)	   and	  
groundwater	  withdrawal	  (Ko	  and	  Day	  2004),	  which	  combined	  with	  damming	  upstream	  
in	  the	  Mississippi	  River,	  has	  reduced	  sediment	  and	  freshwater	  supply	  to	  deltaic	  marshes	  
(Day	   et	   al.,	   2000;	   Blum	   and	   Roberts,	   2009).	   The	   anthropogenic	   influence	   only	  
exacerbates	   a	   host	   of	   other	   natural	   factors	   that	   threaten	   these	   declining	   wetlands,	  
including	  high	  rates	  of	  subsidence	  (Day	  et	  al.	  1995;	  Callaway	  et	  al.	  1997),	  sea-­‐level	  rise	  
(Day	   et	   al.	   2005;	   González	   and	   Tornqvist	   2009),	   saltwater	   intrusion	   (Turner,	   1990),	  
hurricanes	  (Barras,	  2006),	  and	  delta	  migration	  and	  abandonment	  cycles	  (Callaway	  et	  al.	  
1997).	  
Marshes	  evade	  persistent	   inundation	  when	   increases	   in	   surface	  elevation	  offset	   rising	  
relative	   sea	   level	   (Reed,	   1995).	   Surface	   elevation	   gains	   predominantly	   result	   from	   the	  
accumulation	   of	   two	   sources:	   organic	   inputs	   yielded	   mostly	   by	   the	   root	   biomass	   of	  
marsh	   vegetation	   and	   inorganic	   (mineral)	   sediment	   deposition.	   While	   the	   relative	  
importance	  of	  the	  organogenic	  and	  minerogenic	  sources	  in	  marsh	  maintenance	  largely	  
depends	  on	  wetland	  type,	  hydrology,	  and	  region	  (Nyman	  et	  al.	  1990;	  Neubauer,	  2008),	  
much	   attention	   recently	   has	   been	   given	   to	   the	   role	   of	   mineral	   sediment	   in	   wetland	  
maintenance	   in	   light	   of	   debates	   over	   effective	   restoration	   practices	   (Kim	  et	   al.,	   2009;	  
Kearney	  et	  al.,	  2011).	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Current	   restoration	   plans	   for	   the	   Louisiana	   deltaic	   plain	   call	   for	   harnessing	   natural	  
processes	  of	  wetland	  building	  using	   the	  Mississippi	  River	   (Day	  et	   al.,	   2007;	  Kim	  et	   al.,	  
2009;	  Paola	  et	  al.,	   2011).	  The	  2012	  Coastal	  Master	  Plan	  proposes	   river	  diversions	  and	  
channel	   realignment	   to	   divert	   sediment	   and	   freshwater	   from	   the	   Mississippi	   and	  
Atchafalaya	   rivers	   into	   adjacent	   basins	   to	   reconnect	   the	   river	   to	   deltaic	   wetlands	  
(Coastal	  Protection	  and	  Restoration	  Authority	  of	  Louisiana,	  2012).	  Successful	  design	  and	  
implementation	   of	   these	   restoration	   efforts	   requires	   an	   understanding	   of	   diverted	  
sediment	  movement	  and	  deposition,	  especially	  during	  flood	  events	  when	  the	  potential	  
sediment	   load	   is	   greatest.	   The	   opening	   of	   the	   Morganza	   Spillway	   during	   the	   2011	  
Mississippi	  River	  flood	  provided	  such	  an	  opportunity	  to	  examine	  the	  efficacy	  of	  diverted	  
floodwaters	  to	  deliver	  sediment	  to	  deltaic	  wetlands.	  	  
The	  results	  from	  Chapter	  3	  were	  used	  in	  a	  recent	  study	  by	  Falcini	  et	  al.	  (Falcini,	  F.,	  Khan,	  
N.S.,	  Macelloni,	  L.,	  Horton,	  B.P.,	  Lutken,	  C,	  B.,	  McKee,	  L.,	  Santoleri,	  R.,	  Colella,	  S.,	  Li,	  C.,	  
Volpe,	  G.,	  D’Emidio,	  M.,	  Salusti,	  A.	  and	  Jerolmack,	  D.J.,	  2012.	  Linking	  the	  historic	  2011	  
Mississippi	   River	   flood	   to	   coastal	   wetland	   sedimentation.	   Nature	   Geoscience.	   DOI:	  
10.1038/NGEO1615)	  to	  evaluate	  the	  impact	  of	  the	  extreme	  outflows	  that	  resulted	  from	  
the	  2011	  Mississippi	  River	  flood	  on	  wetland	  sedimentation.	  The	  findings	  from	  our	  study	  
are	  outlined	  in	  the	  following	  sections.	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6.2.2 APPROACH 
Sedimentation	  measurements	  outlined	   in	  Chapter	  3	  were	  compared	  to	  field-­‐calibrated	  
satellite	   and	   in	   situ	   data	   collected	   during	   the	   historic	   flood.	   Sedimentation	  
measurements	   were	   derived	   from	   a	   survey	   of	   45	   sites	   by	   helicopter	   across	   the	  
Mississippi	  Birdsfoot,	  Barataria,	  Terrebonne	  and	  Atchafalaya	  basin	  wetlands	  during	  21-­‐
27	  June	  2011	  (Fig.	  6.2).	  Shallow	  sediment	  cores	  (5	  cores	  per	  site)	  were	  extracted	  from	  
the	  marsh	   surface	   at	   a	   consistent	   distance	   (5	  m)	   from	  waterways.	  We	   presumed	   the	  
surface	  sediment	  layer	  to	  be	  a	  recent	  deposit	  based	  on	  the	  distinguishing	  characteristics	  
of	   the	   absence	   of	   ingrown	   plant	   roots	   and	   the	   different	   color	   and	   consistency	   from	  
underlying	  sediments. 
Time-­‐series	   analysis	   of	   suspended	   sediment	   concentrations	   (SSC)	   derived	   from	  
Moderate	   Resolution	   Imaging	   Spectroradiometer	   (MODIS)	   Aqua	   satellite	   data	   were	  
calibrated	   using	   field	   measurements	   (Fig	   6.1).	   These	   data	   were	   used	   to	   quantify	  
differences	   in	   inundation	   and	   sediment-­‐plume	   patterns	   between	   the	   Mississippi	   and	  
Atchafalaya	   River.	   Our	   co-­‐authors	   performed	   oceanographic	   transect	   surveys	   off	   the	  
Birdsfoot	   Delta	   during	   peak	   flooding	   to	   capture	   vertical	   profiles	   of	   flow	   velocity,	  
temperature,	   salinity,	   suspended	   sediment	   concentrations	   (SSC)	   and	   grain-­‐size	  
distributions.	   These	  measurements	   enabled	   characterization	   of	   the	   hydrodynamics	   of	  
the	  effluent	  plume	  and	  construction	  of	  a	  sediment	  budget	  for	  the	  Mississippi	  River	  flood	  
outflow. 
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Figure	   6.1.	   Spatial	   distribution	   of	   sediment	   during	   the	   2011	   Mississippi	   River	   flood.	   (A)	   Location	   and	  
measured	   recent	   sediment	   accumulation	   from	   shallow	   cores	   collected	   along	   the	   Louisiana	   deltaic	  
shoreline	   (circles),	   merged	   with	   a	   map	   of	   suspended	   sediment	   concentrations	   (SSC)	   on	   1	   June	   2011	  
derived	   from	   field-­‐calibrated	   MODIS	   Aqua	   data.	   (B)	   Recent	   sediment	   accumulation	   (±	   s.d.)	   at	   each	  
sampling	  site,	  calculated	  using	  the	  average	  thickness	  (n=5)	  and	  bulk	  density	  (n=2)	  of	  the	  flood	  sediment	  
layer	  (Fig	  6.3;	  Falcini	  et	  al.,	  2012).	  From	  Falcini	  et	  al.	  (2012).	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Figure	  6.2.	  Photograph	  of	  the	  marsh	  sediment	  survey	  in	  Barataria	  marshes	  following	  the	  2011	  Mississippi	  
River	  flood	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6.2.3 RESULTS/DISCUSSION 
A	  dramatic	  contrast	  in	  plume	  patterns	  and	  inundation	  extent	  was	  evident	  from	  satellite	  
imagery	  capturing	  the	  Mississippi	  and	  Atchafalaya	  River	  outflows	  (Fig	  6.1).	  Floodwaters	  
of	  the	  Mississippi	  River,	  which	  were	  completely	  contained	  within	  artificial	  levees	  
upstream	  of	  the	  Birdsfoot	  Delta,	  produced	  narrow,	  focused	  jets	  of	  sediment-­‐laden	  
water	  that	  penetrated	  coastal	  currents	  with	  limited	  mixing.	  Conversely,	  floodwaters	  
from	  the	  Atchafalaya	  inundated	  a	  ~100-­‐km	  coastal	  zone	  area	  and	  its	  broad	  sediment	  
plume	  was	  trapped	  in	  the	  nearshore	  zone	  for	  approximately	  four	  weeks,	  where	  it	  was	  
well-­‐mixed	  with	  marine	  waters.	  Based	  on	  these	  observations,	  it	  was	  hypothesized	  that	  
greater	  wetland	  sedimentation	  would	  occur	  over	  a	  broad	  area	  in	  the	  Atchafalaya	  Basin,	  
from	  both	  direct	  deposition	  by	  floodwaters	  and	  indirect	  deposition	  through	  coastal	  
reworking	  of	  the	  plume	  compared	  to	  the	  Birdsfoot	  Delta	  basin.	  
Wetland	  sedimentation	  patterns	  were	  consistent	  with	  the	  observed	  behavior	  of	  the	  two	  
sediment	  plumes	  (Fig	  6.3).	  Recent	  sediment	  accumulation	  was	  greatest	  in	  the	  
Atchafalaya	  (1.61	  ±	  0.96	  g	  cm−2	  ,	  n	  =	  14)	  and	  smaller	  but	  still	  substantial	  (1.14	  ±	  0.78	  g	  
cm−2	  ,	  n	  =	  9)	  in	  the	  Birdsfoot	  Delta.	  The	  Terrebonne	  (0.42	  ±	  0.18	  g	  cm−2	  ,	  n	  =	  14)	  and	  
Barataria	  (0.34	  ±	  0.22	  g	  cm−2	  ,	  n	  =	  8)	  basin	  wetlands,	  located	  farthest	  from	  the	  rivers,	  
accumulated	  much	  less	  sediment.	  The	  strong	  correspondence	  between	  areas	  of	  greater	  
shoreline	  deposition	  and	  coastal	  SSC	  patterns	  identified	  from	  satellite	  data	  (Fig.	  6.3),	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suggests	  plume-­‐derived	  wetland	  deposition	  for	  sites	  along	  the	  shoreline,	  while	  sites	  
farther	  inland	  likely	  received	  sediment	  from	  overbank	  flooding,	  which	  was	  supported	  by	  
sediments	  relatively	  enriched	  in	  diatom	  species	  indicative	  of	  low-­‐salinity	  environments	  
and	  low	  δ13C	  sediment	  values	  (-­‐27.0	  ±	  0.4	  ‰	  in	  the	  Atchafalaya	  and	  -­‐24.7	  ±	  0.5	  ‰	  in	  the	  
Birdsfoot	  Delta)	  (Chapter	  3).	  Surface	  sediments	  were	  composed	  of	  moderately	  sorted	  
fine	  silt	  (median	  value	  from	  all	  basins	  was	  13.4	  mm)	  with	  a	  low	  organic	  content	  (10	  ±	  
1%)	  and	  moderate	  bulk	  density	  (0.60	  ±	  0.05	  g	  cm-­‐3),	  features	  that	  did	  not	  vary	  
significantly	  across	  basins.	  	  
Hydrographic	  survey	  transects	  enabled	  better	  understanding	  of	  the	  Mississippi	  River	  
plume	  dynamics.	  The	  Southwest	  Pass	  survey	  showed	  that	  its	  jet	  was	  easily	  recognized	  
50	  km	  offshore	  as	  a	  persistent	  core	  of	  high	  current	  velocity	  and	  SSC	  (Fig	  6.4).	  	  Constant	  
Rouse	  number	  (essentially	  the	  ratio	  of	  particle	  settling	  velocity	  to	  fluid	  shear	  velocity)	  
for	  each	  station	  confirmed	  that	  sediments	  remained	  suspended	  within	  the	  narrow	  river	  
jet	  up	  to	  40	  km	  offshore.	  The	  physical	  basis	  for	  these	  dynamics	  was	  evaluated	  by	  
calculating	  the	  potential	  vorticity	  for	  the	  plume.	  Offshore	  potential	  vorticity	  values	  were	  
comparable	  to	  those	  at	  the	  channel	  mouth	  (i.e.,	  conservation	  of	  potential	  vorticity),	  
providing	  further	  indication	  that	  the	  Southwest	  Pass	  plume	  indeed	  acted	  as	  a	  self-­‐
sharpening	  jet,	  which	  belongs	  to	  a	  class	  of	  flows	  that	  mix	  minimally	  with	  ambient	  waters	  
(Wood	  and	  McIntyre,	  2010;	  Dritschel	  and	  Scott,	  2011)	  (Figs	  6.1	  and	  6.4).	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6.2.4 IMPLICATIONS 
These	  results	  are	  relevant	  for	  plans	  to	  restore	  deltaic	  wetlands	  using	  artificial	  diversions	  
and	  suggest	  that	  river-­‐mouth	  hydrodynamics	  influenced	  sedimentation	  patterns	  during	  
the	   spring	  2011	   flood	   (Day	  et	  al.,	  2007;	  Kim	  et	  al.,	  2009;	  Paola	  et	  al.,	  2011;	  Blum	  and	  
Roberts,	   2009;	   Kearney	   et	   al.,	   2011;	   Falcini	   and	   Jerolmack,	   2010).	   The	   intentional	  
flooding	   of	   the	   Atchafalaya	   produced	   a	   diffuse	   plume	   that	   was	   influenced	   by	   coastal	  
currents	  and	  winds	  and	  delivered	  substantial	  sediment	  directly	  to	  wetlands	  and	  to	  the	  
nearshore	  zone,	  where	   tides	  and	  currents	  could	  potentially	  carry	   it	  onshore.	  Although	  
the	   Mississippi	   River	   carried	   a	   larger	   sediment	   load	   than	   the	   Atchafalaya	   River,	   it	  
produced	   less	   sedimentation.	   The	   study	   demonstrated	   how	   flow	   confinement	   fosters	  
delivery	   of	   large	   quantities	   of	   sediment	   far	   offshore,	   where	   it	   cannot	   build	   a	   land	  
platform	  to	  support	  wetlands.	  If	  the	  Mississippi	  River	  plume	  was	  more	  diffuse,	  there	  is	  a	  
greater	   likelihood	   its	   sediments	   would	   have	   been	   carried	   shoreward	   with	   coastal	  
currents	  to	  produce	  greater	  deposition	  than	  observed	  in	  the	  Barataria	  and	  Terrebonne	  
basins.	  Although	  the	  ultimate	  success	  of	  proposed	  river	  diversions	  further	  upstream	  of	  
the	  Birdsfoot	  Delta	  will	  depend	  on	  a	  variety	  of	  factors	  (Kearney	  et	  al.,	  2011;	  Day	  et	  al.,	  
2011),	   findings	   from	   the	   2011	   flood	   demonstrated	   how	   fine	   sediment	   diverted	   to	  
shallow	  marine	  settings	  could	  contribute	  considerably	  to	  marsh	  sedimentation.	  	  
CHAPTER	  6	  
	   205	  
6.3 HOLOCENE SEA-LEVEL CHANGE IN THE CIRCUM-CARIBBEAN 
REGION 
6.3.1 CONTEXT 
Holocene	  RSL	  reconstructions	  from	  the	  Caribbean	  provide	  necessary	  data	  for	  estimating	  
rates	   of	   spatially	   variable	   and	   ongoing	   glacio-­‐isostatic	   adjustment	   (GIA).	   Instrumental	  
(tide	  gauge	  and	  satellite)	  sea-­‐level	  measurements	  must	  be	  corrected	  for	  GIA	  to	  extract	  
eustatic	   and	   steric	   signals	   and	   facilitate	  meaningful	   spatial	   comparisons	   (e.g.,	   Church	  
and	  White,	  2006;	  Cazenave	  et	  al.,	  2009).	  Further,	  estimates	  of	  mass	  loss	  from	  Greenland	  
and	  Antarctica	  provided	  by	  the	  Gravity	  Recovery	  and	  Climate	  Experiment	  (GRACE)	  must	  
be	  scaled	  and	  corrected	  for	  contamination	  due	  to	  GIA	  (e.g.,	  Cazenave	  et	  al.,	  2009;	  Wu	  et	  
al.,	  2010).	  Numerical	  models	  can	  predict	  rates	  of	  GIA,	  but	  parameters	  such	  as	  upper	  and	  
lower	  mantle	  viscosity	  (e.g.,	  Mitrovica	  and	  Peltier,	  1995)	  and	  lithospheric	  thickness	  (e.g.,	  
Tushingham	   and	   Peltier,	   1992)	   are	   usually	   constrained	   by	   Holocene	   sea	   level	  
reconstructions	   (e.g.,	   Shennan	   et	   al.,	   2002;	   Milne	   et	   al.,	   2005;	   Simms	   et	   al.,	   2007;	  
Engelhart	  et	  al.,	  2011).	  At	  increasing	  distances	  from	  the	  major	  centers	  of	  glaciation,	  the	  
ice-­‐induced	   component	   of	   the	   signal	   reduces	   in	   magnitude	   and	   so	   the	   eustatic	   (or	  
meltwater)	   signal	   becomes	   dominant.	   In	   addition,	   the	   smaller	   amplitude	   signal	  
associated	   with	   ocean	   loading	   and	   GIA-­‐induced	   perturbations	   to	   the	   Earth’s	   rotation	  
vector	   become	   more	   evident	   (e.g.,	   Clark	   et	   al.,	   1978;	   Milne	   and	   Mitrovica,	   1998;	  
Mitrovica	  and	  Milne,	  2002).	  The	  Caribbean	  region	  has	  traditionally	  been	  considered	  far-­‐
field	  (i.e.,	  with	  negligible	  glacio-­‐isostatic	  adjustment	  (GIA)	  influence)	  (Clark	  et	  al.,	  1978),	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although	   recent	   investigations	   indicate	   this	   process	   has	   significantly	   influenced	   the	  
region	  (Toscano	  and	  Macintyre,	  2001;	  Milne	  et	  al.,	  2005;	  Milne	  et	  al.,	  2013).	  
There	  have	  been	  several	  notable	  attempts	  to	  produce	  a	  Holocene	  RSL	  database	  for	  the	  
Caribbean	  coastline	  (e.g.,	  Lighty	  et	  al.,	  1982;	  Toscano	  and	  Macintyre;	  Milne	  and	  Peros,	  
2013).	  However,	  the	  criteria	  necessary	  to	  produce	  an	  accurate	  sea-­‐level	  database	  have	  
rarely	  been	  met.	  The	  correct	   interpretation	  of	   the	  elevational	   relationship	  of	   sea-­‐level	  
indicators	   (known	   as	   the	   indicative	   meaning)	   to	   sea	   level	   is	   a	   critical	   element	   of	  
reconstructing	  RSL	  histories.	  Different	  types	  of	  sea-­‐level	  indicators	  have	  varying	  degrees	  
of	   precision.	   Toscano	   and	   Macintyre	   (2003)	   compiled	   radiocarbon-­‐dated	   mangrove	  
peats,	  which	  they	  combined	  with	  the	  coral	  database	  of	  Lighty	  et	  al.	  (1982)	  to	  produce	  a	  
Caribbean	   sea-­‐level	   database.	   However,	   they	   do	   not	   account	   for	   the	   very	   different	  
indicative	  meanings	  of	  coral	  and	  mangrove	  sea-­‐level	  indicators.	  Further,	  they	  produce	  a	  
single	   sea-­‐level	   record,	   disregarding	   the	   spatial	   variability	   in	   RSL	   records	   that	   exist	  
throughout	  the	  region	  related	  to	  tectonics	  and	  GIA.	  Milne	  and	  Peros	  (2013)	  updated	  the	  
database	   of	   Toscano	   and	   Macintyre	   (2003)	   with	   data	   from	   Belize	   (Wooller	   et	   al.,	  
2004	  and	  Wooller	   et	   al.,	   2007),	   the	   U.S.	   Gulf	   coast	   (Tornqvist	   et	   al.,	   2004),	   Trinidad	  
(Ramcharan	   and	  McAndrews,	   2006),	   the	   Yucatan	   Peninsula	   (Gabriel	   et	   al.,	   2009),	   and	  
Cuba	   (Peros,	   2005;	   Davidson,	   2007)	   to	   produce	   regional	   sea-­‐level	   records	   for	   the	  
Caribbean	  and	  surrounding	  areas,	  which	  they	  compare	  to	  GIA	  models.	  However,	  Milne	  
and	  Peros	  (2013)	  did	  not	  follow	  the	  IGCP	  protocol	  to	  ensure	  the	  quality	  of	  the	  database.	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Furthermore,	  changes	  in	  local	  RSL	  factors,	  such	  as	  changes	  in	  tidal	  range	  over	  time	  and	  
sediment	  consolidation,	  are	  not	  assessed.	  
Here,	   I	   produce	  new	  Holocene	   sea-­‐level	  data	   for	   the	  Caribbean	   region	   from	  sediment	  
cores	  collected	  from	  sites	  on	  the	  northern	  and	  southern	  coasts	  of	  Puerto	  Rico.	   I	  apply	  
the	   distribution	   of	   δ13C,	   TOC,	   and	   C/N	   and	   the	   ratio	   of	   total	   foraminifera	   to	  
thecamoebians	   described	   in	   Chapter	   4	   to	   determine	   the	   indicative	   meaning	   of	  
radiocarbon-­‐dated	  sea-­‐level	  indicators.	  In	  addition,	  I	  supplement	  these	  geochemical	  and	  
microfossil-­‐based	  indicative	  meanings	  with	  the	  distribution	  of	  mangrove	  floral	  zones	  to	  
produce	  a	   sea-­‐level	  database	   for	   the	  Caribbean.	   I	   reassess	   the	  database	  of	  Milne	  and	  
Peros	  (2013)	  (excluding	  the	  Gulf	  Coast	  dataset)	  and	  add	  new	  data	  from	  sites	   in	  Puerto	  
Rico	  (this	  study),	  Florida	  (Shinn	  et	  al.,	  1964),	  Belize	  (McKee	  et	  al.,	  2007),	  St.	  Croix	  (Jessen	  
et	   al.,	   2007;	   Toscano	   and	   Peltier,	   2012),	   Curacao	   (Klosowska,	   2003),	   and	  
Guyana/Suriname	  (Roeleveld	  and	  van	  Loon,	  1978).	  The	  database	  incorporates	  sea-­‐level	  
observations	  from	  a	  latitudinal	  range	  of	  25°N	  to	  5°N	  and	  longitudinal	  range	  of	  55°W	  to	  
90°W.	  I	  include	  sea-­‐level	  observations	  from	  10	  ka	  BP	  to	  present,	  although	  the	  majority	  
of	   the	   index	   points	   in	   the	   database	   are	   younger	   than	   8	   ka	   BP.	   The	   database	   is	   sub-­‐
divided	  into	  10	  regions	  based	  on	  the	  distance	  from	  the	  former	  Laurentide	  Ice	  Sheet	  and	  
regional	   tectonic	   setting.	   Furthermore,	   the	   index	   points	   are	   classified	   on	   the	   basis	   of	  
their	  susceptibility	  to	  compaction	  (e.g.,	  intercalated	  and	  basal).	  	  I	  briefly	  consider	  spatial	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variability	   in	   glacio-­‐isostatic,	   tectonic	   and	   local	   contributions	   on	   RSL	   records	   from	   the	  
circum-­‐Caribbean	  region	  	  
6.3.2 APPROACH 
I	   followed	   the	   standardized	   methodology	   developed	   by	   International	   Geological	  
Correlation	  Projects	  (IGCP)	  such	  as	  61,	  200,	  495	  and	  the	  current	  588	  (e.g.,	  Preuss,	  1979;	  
Tooley,	  1982;	  van	  de	  Plassche,	  1982;	  Shennan,	  1987;	  Gehrels	  and	  Long,	  2007;	  Horton	  et	  
al.,	  2009a;	  Engelhart	  and	  Horton,	  2012)	   to	  determine	   the	  X	   (age)	  and	  Y	   (RSL)	  position	  
and	   error	   of	   sea-­‐level	   index	   points.	   A	   valid	   index	   point	   must	   possess	   the	   following	  
information:	   (1)	   the	   location	   of	   the	   sample	   to	   within	   1	  km	   (Shennan,	   1989);	   (2)	   the	  
altitude	   of	   the	   sample	   (and	   error	   associated	   with	   measuring	   its	   altitude);	   (3)	   the	  
indicative	  meaning	  (Shennan,	  1986;	  van	  de	  Plassche,	  1986;	  Horton	  et	  al.,	  2000);	  and	  (4)	  
the	   age	   of	   the	   sample,	   calibrated	   to	   sidereal	   years	   using	   the	   latest	   calibration	   curves	  
(Shennan	   and	   Horton,	   2002).	  The	   indicative	   meaning	   of	   a	   sample	   contains	   two	  
components:	  the	  reference	  water	  level	  that	  defines	  the	  relationship	  of	  that	  indicator	  to	  
a	   contemporaneous	   tide	   level	   (Shennan,	   1986),	   such	   as	   mean	   high	   water	   (MHW)	   or	  
mean	  tide	  level	  (MTL)	  and	  the	  indicative	  range,	  which	  is	  the	  elevational	  range	  occupied	  
by	   the	   sea-­‐level	   indicator	   (Fig	   6.5).	   Because	   RSL	   histories	   are	   often	   developed	   from	  
multiple	  types	  of	  indicators,	  each	  sample	  is	  related	  to	  its	  own	  reference	  water	  level.	  The	  
reference	  water	  level	  is	  given	  as	  a	  mathematical	  expression	  of	  tidal	  parameters	  because	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sea-­‐level	   histories	   are	   often	   compiled	   from	   locations	   with	   different	   tidal	   inundation	  
characteristics	  (i.e.,	  micro-­‐,	  meso-­‐	  and	  macro	  tidal	  ranges)	  (van	  de	  Plassche,	  1986).	  
Mangrove	  peats	  comprise	  the	  majority	  of	  sea-­‐level	  index	  points	  in	  the	  database	  because	  
their	  distribution	  and	  characteristics	  are	  related	  to	  the	  frequency	  and	  duration	  of	  tidal	  
inundation	   (Tomlinson,	   1986;	   Smith,	   1992;	   Mendelssohn	   and	   McKee,	   2000).	   The	  
indicative	  meanings	  defined	   in	  Chapter	  4	  were	  applied	   to	   radiocarbon	  dated	   sea-­‐level	  
indicators	   from	   the	  Puerto	  Rico	  cores,	  and	   the	  vertical	  distribution	  of	  mangrove	   floral	  
zones	  based	  on	  observations	   from	  Chapter	  4	  and	  other	  studies	   in	   the	  Caribbean	   (e.g.,	  
Davis,	  1940;	  Thom,	  1967;	  Twilley	  et	  al.,	  1996;	  Dawes,	  1998;	  Davis	  and	  Fitzgerald,	  2003;	  
Lara	   et	   al.,	   2006)	   were	   used	   to	   define	   indicative	   meanings	   of	   radiocarbon	   dated	  
mangrove	  peats	  from	  published	  and	  unpublished	  data	  (Fig	  6.5).	  The	  indicative	  meanings	  
based	  on	  floral	  zonation	  were	  also	  supported	  by	  assemblages	  of	   intertidal	  microfossils	  
(e.g.,	   Ramcharan	   and	  McAndrews,	   2006;	   Jessen	   et	   al.,	   2008),	   δ13C	   values	   (Chapter	   4;	  
Klosowska,	  2003;	  McKee	  et	  al.,	  2007)	  and	  plant	  macrofossils	  (e.g.,	  Wooller	  et	  al.,	  2003;	  
Monacci	   et	   al.,	   2009).	   Samples	   suggestive	   of	   deposition	   within	   a	   Rhizophora	  
environment	   were	   assigned	   an	   indicative	   range	   of	   MLW	   to	   MHW.	   Samples	   that	  
indicated	  deposition	  in	  an	  Avicennia	  environment	  were	  assigned	  an	  indicative	  range	  of	  
MHW	  to	  HAT.	  Samples	  deposited	  within	  mangrove	  environments	  where	  no	  species	  was	  
specified	  had	  the	  largest	  indicative	  range	  of	  MLW	  to	  HAT.	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Figure	  6.5	  Schematic	  representation	  of	  the	  indicative	  meaning	  and	  a	  theoretical	  example	  of	  its	  application	  
in	  reconstructing	  RSL	  from	  radiocarbon-­‐dated	  mangrove	  sediment.	  (A)	  Vertical	  distribution	  of	  floral	  zones	  
in	  the	  tidal	  frame	  typical	  of	  mangroves	  species	  of	  the	  Caribbean.	  (B)	  Depth	  and	  altitude	  of	  dated	  samples	  
in	  a	  core	  demonstrating	  a	  transgressive	  sequence.	  (C)	  Production	  of	  sea	  level	  index	  points	  and	  limiting	  
data.	  RWL	  =	  reference	  water	  level;	  IR	  =	  indicative	  range.	  RSL	  =	  relative	  sea	  level;	  A	  =	  altitude;	  MTL	  =	  mean	  
tide	  level;	  MHW	  =	  mean	  high	  water;	  MHHW	  =	  mean	  higher	  high	  water;	  HAT	  =	  highest	  astronomical	  tide.	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When	  litho-­‐	  bio-­‐,	  or	  chemostratigraphic	  data	  indicated	  in	  situ	  deposition	  in	  terrestrial	  or	  
marine	  environments,	   the	  sample	  was	  classified	  as	  a	   limiting	  date.	  These	  data	  play	  an	  
important	   role	   for	   interpreting	   GIA	   models	   (Engelhart	   and	   Horton,	   2012).	   While	  
terrestrial	   limiting	   dates	   usually	   form	   in	   a	   depositional	   environment	   above	   HAT,	   they	  
can	   form	  within	   the	   intertidal	   zone	   due	   to	   rising	   groundwater	   tables	   (e.g.,	   Jelgersma,	  
1961).	   Thus,	   a	   conservative	   lower	   limit	   of	   MTL	   is	   used.	   Marine	   limiting	   dates	   are	  
interpreted	   as	   forming	   below	   MTL.	   Relative	   sea	   level	   (RSLi)	   is	   estimated	   using	   the	  
equation:	  	  
RSLi	  =	  Ai	  -­‐	  RWLi,	  	   	   	   	   	   	   	   	   (1)	  
where	   Ai	   and	   RWLi	   are	   the	   altitude	   and	   reference	  water	   level	   of	   sample	   i,	   expressed	  
relative	  to	  MSL.	  Ai	  is	  typically	  determined	  by	  measuring	  the	  depth	  of	  a	  sample	  in	  a	  core	  
where	  the	  altitude	  of	  the	  core-­‐borehole	   is	  known.	  All	   index	  points	   in	  the	  database	  are	  
expressed	  relative	  to	  this	  value,	  and	  negative	  values	  indicate	  RSL	  below	  present	  (0	  m).	  
Sample-­‐specific	   errors	   for	   each	   index	   point	   are	   calculated	   following	   Engelhart	   and	  
Horton	   (2012).	   In	   addition	   to	   the	   indicative	   range,	   vertical	   errors	   are	   incorporated	  
related	  to	  determining	  the	  sample	  altitude.	  These	  errors	  are	  associated	  with	  the	  method	  
used	  to	  determine	  the	  altitude	  of	  a	  core	  borehole,	  which	  can	  be	  as	  small	  as	  ±	  0.05	  m	  
when	  using	  high	  precision	  surveying	  equipment	  (e.g.,	  McKee	  et	  al.,	  2007),	  but	  can	  be	  as	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great	   as	   ±	   0.5	  m	  when	   the	   altitude	   is	   estimated	   from	   the	   environment	   in	   which	   the	  
sample	  was	  collected	  (e.g.,	  mangrove;	  Digerfeldt	  and	  Henry,	  1987).	  Sample	  thickness	  is	  
also	  included	  as	  an	  error	  term	  –	  prior	  to	  AMS	  dating,	  conventional	  radiocarbon	  analyses	  
required	   a	   large	   volume	   of	   sample,	   up	   to	   0.65	  m	   in	   thickness	   (Digerfeldt	   and	   Henry,	  
1987).	  We	  also	  calculated	  the	  angle	  of	  borehole	  error	  as	  a	  function	  of	  the	  overburden	  of	  
the	  sample,	  taken	  to	  be	  ±	  1%	  (Törnqvist	  et	  al.,	  2008).	  Total	  error	  for	  each	  sample	  is	  then	  
calculated	  from	  the	  expression	  (Shennan	  and	  Horton,	  2002):	  
Ei	  =	  (e12	  +	  e22	  +	  …	  +	  en2)1/2	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   (2),	  
where	  e1…en	  are	  the	  individual	  sources	  of	  error	  for	  sample	  i.	  
A	  source	  of	  vertical	  error	  that	  is	  challenging	  to	  quantify	  is	  sediment	  autocompaction	  or	  
consolidation	   (e.g.,	   Kaye	   and	   Barghoorn,	   1964;	   Allen,	   2000).	   Sediment	   autcompaction	  
lowers	  the	  altitude	  of	  a	  sea-­‐level	  index	  point	  or	  limiting	  date	  to	  a	  depth	  below	  where	  it	  
was	   initially	  deposited.	  This	  effect	  underestimates	  the	  value	  of	  Ai,	  which	  results	   in	  RSL	  
estimates	  that	  are	  too	  low.	  The	  influence	  of	  sediment	  autocompaction	  is	  accounted	  for	  
by	   classifying	   the	   data	   into	   basal	   and	   intercalated	   index	   points	   (Shennan	   et	   al.,	   2000;	  
Shennan	  and	  Horton,	   2002;	  Horton	  and	   Shennan,	   2009;	   Engelhart	   and	  Horton,	   2012).	  
Basal	   samples	   are	   those	   recovered	   from	  within	   the	   sedimentary	   unit	   that	   overlies	   an	  
incompressible	  substrate.	  Basal	  samples	  may	  have	  undergone	  some	  consolidation	  since	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deposition,	  but	   it	   is	  considered	  to	  be	   less	  than	  that	  of	   intercalated	  samples,	  which	  are	  
derived	   from	   sediments	   that	   are	   interleaved	   between	   two	   clastic	   sedimentary	   units.	  
These	  samples	  are	  the	  most	  prone	  to	  compaction	  (Horton	  and	  Shennan,	  2009).	  	  
All	   sample	   ages	   within	   the	   database	   were	   measured	   using	   radiocarbon	   dating.	   The	  
database	  contains	   samples	   that	  were	  dated	  by	  Accelerator	  Mass	  Spectrometry	   (AMS),	  
Gas	  Proportional	  Counting	  (GPC)	  and	  Liquid	  Scintillation	  Counting	  (LSC).	  All	  radiocarbon	  
ages	   were	   calibrated	   to	   sidereal	   years	   with	   a	   2σ	   confidence	   interval	   and	   laboratory	  
multiplier	  of	  1	  using	  the	  IntCal13	  and	  Marine13	  calibration	  curves	  (Reimer	  et	  al.,	  2013)	  
for	   terrestrial	   (mangrove	   and	   freshwater)	   and	   marine	   samples	   (marine	   gastropods),	  
respectively.	  Ages	  are	  presented	  as	  calibrated	  years	  (cal	  yr)	  before	  present	  (BP),	  where	  
the	  zero	  point	  is	  AD	  1950	  (Stuiver	  and	  Polach,	  1977).	  	  
To	  produce	  new	  sea-­‐level	  data	  from	  Puerto	  Rico,	  a	  series	  of	  cores	  were	  collected	  from	  
Jobos	  Bay,	  an	  open	  estuarine	  setting	  on	  the	  southern	  coast	  of	  Puerto	  Rico	  with	   fringe	  
and	  basin	  mangrove	  and	  Sabana	  Seca,	  a	  site	  containing	  contemporary	  riverine	  and	  basin	  
mangrove	   and	   one	   of	   the	   most	   extensive	   stands	   of	   the	   freshwater	   swamp	   species	  
Pterocarpus	  officinalis	  (van	  der	  Molen,	  2002)	  (Fig	  6.6).	  Plant	  macrofossils	  indicative	  of	  a	  
depositional	   surface	   (i.e.,	   horizontal	   leaves,	   terminal	   stems,	   mangrove	   trunk	   or	   prop	  
root	  bark)	  were	  selected	  for	  radiocarbon	  dating	  (Kemp	  et	  al.,	  2013a)	  (Table	  1).	  	  Analysis	  
of	   δ13C,	   TOC,	   and	   C/N	   and	   foraminifera/thecamoebians	   was	   performed	   at	   evenly	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spaced,	   2	   cm	   intervals	   above	   and	   below	   radiocarbon	   dates	   to	   infer	   the	   depositional	  
environment	  in	  which	  the	  plant	  macrofossil	  accumulated	  and	  to	  estimate	  its	   indicative	  
meaning	  following	  the	  methods	  of	  Chapter	  4	  (Fig	  6.7).	  
6.3.3 RESULTS/DISCUSSION 
Here,	  I	  provide	  an	  example	  of	  how	  RSL	  and	  the	  associated	  errors	  were	  calculated	  for	  an	  
intercalated	  index	  point	  from	  Jobos	  Bay.	  The	  stratigraphy	  of	  the	  mangrove	  sequence	  at	  
Jobos	  Bay	  (Fig	  6.6c)	  consists	  of	  up	  to	  ~1.5	  m	  of	  Rhizophora	  peat	  overlying	  a	  shell	  hash	  or	  
organic-­‐rich	  mud	  unit,	  ranging	  in	  thickness	  from	  0.5	  to	  1	  m.	  Below	  this	  unit	  is	  a	  blue-­‐grey	  
shelly	  mud,	  which	  extends	  ~3-­‐5	  m	  to	  the	  base	  of	  the	  Holocene	  sequence.	  A	  core	  
(17.93293°	  N,	  66.25167°	  W)	  was	  obtained	  from	  the	  mangrove	  sequence	  that	  was	  
surveyed	  using	  a	  total	  station	  (±	  0.05	  m	  leveling	  error)	  to	  a	  benchmark,	  the	  elevation	  of	  
which	  was	  determined	  by	  a	  differential	  global	  positioning	  system	  (±	  0.50	  m	  benchmark	  
error).	  The	  core	  has	  a	  surface	  elevation	  of	  0.96	  m	  MSL	  	  (±	  0.10	  m	  borehole	  error)	  and	  
extended	  to	  a	  depth	  of	  -­‐0.35	  m	  MSL	  (Fig	  6.6).	  The	  lower	  0.42	  m	  of	  the	  core	  was	  
composed	  of	  a	  blue-­‐grey	  shelly	  clay,	  overlain	  by	  a	  0.63	  m	  shell	  hash	  unit.	  At	  the	  contact	  
between	  the	  shell	  unit	  and	  the	  overlying	  brown	  mangrove	  peat,	  a	  Rhizophora	  leaf	  
fragment	  (0.01	  m	  thick)	  was	  selected	  for	  dating	  at	  0.33	  m	  MSL,	  which	  yielded	  a	  date	  of	  
390	  ±	  25	  14C	  years	  (508-­‐326	  cal	  yr	  BP).	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The	  δ13C	  of	  the	  dated	  sample	  (-­‐27.1‰)	  was	  within	  the	  range	  for	  Rhizophora	  leaves	  
(Chapter	  4).	  Foraminifera	  (mangrove	  assemblage	  of	  Ammobaculites	  spp.,	  Jadammina	  
macrescens,	  and	  Trochammina	  inflata),	  bulk	  geochemistry	  (δ13C:	  -­‐23	  to	  -­‐25	  ‰,	  TOC:	  20-­‐
35,	  C/N:	  20-­‐28)	  and	  plant	  macrofossils	  (Fig	  6.7)	  indicate	  that	  the	  sample	  formed	  in	  a	  
mangrove	  environment,	  and	  it	  was	  assigned	  a	  reference	  water	  level	  of	  the	  midpoint	  
between	  MLW	  and	  MHW	  (0.07	  m	  MTL)	  and	  an	  indicative	  range	  of	  MLW	  to	  MHW	  (±	  
0.17	  m).	  An	  additional	  error	  was	  added	  related	  to	  interpolation	  of	  tidal	  datums	  from	  the	  
nearest	  National	  Ocean	  and	  Atmospheric	  Administration	  (NOAA)	  tide	  gauge	  to	  the	  site	  
(±	  0.10	  tidal	  error)	  The	  sample	  was	  found	  within	  an	  organic	  unit	  overlying	  a	  shell	  hash	  
deposit,	  which	  may	  experience	  autocompaction;	  therefore,	  the	  sample	  was	  classified	  as	  
an	  intercalated	  index	  point.	  The	  calculation	  of	  RSL	  and	  age,	  including	  the	  error	  terms,	  for	  
this	  index	  points	  was:	  
RSL	  =	  0.33	  maltitude	  –	  0.07	  mreference	  water	  level	  =	  0.26	  m	   	   	   	   (3)	  
	  
Error	  =	  Σ	  (0.17	  m2indicative	  range	  +	  0.01	  m2thickness	  +	  0.05	  m2levelling	  +	  0.01	  m2sampling	  	  
+	  0.50	  m2benchmark	  +	  0.01	  m2borehole	  +	  0.10	  m2tidal)1/2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  0.54	  m	  
	  
Age	  =	  390	  ±	  25	  14C	  years	  
	  	  	  	  	  	  	  	  =	  508-­‐326	  cal	  yr	  BP	  (2σ	  range)	  
	  
	  
I	  produced	  12	  new	  sea-­‐level	  index	  points	  and	  11	  freshwater	  limiting	  dates	  from	  Jobos	  
Bay	  and	  Sabana	  Seca	  (Table	  1;	  Fig	  6.8).	  The	  majority	  of	  index	  points	  (from	  Jobos	  Bay)	  
span	  from	  3	  ka	  to	  present.	  They	  constrain	  the	  position	  of	  RSL	  to	  between	  0	  to	  -­‐	  3	  m	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during	  this	  time	  period.	  Freshwater	  limiting	  points	  from	  Sabana	  Seca	  constrain	  the	  
upper	  limit	  of	  RSL	  during	  the	  mid-­‐Holocene	  to	  be	  below	  the	  present	  level	  between	  6.0	  
to	  3.5	  ka.	  The	  oldest	  freshwater	  limiting	  date	  from	  the	  new	  dataset	  indicates	  RSL	  was	  
below	  -­‐6.5	  m	  at	  7.4-­‐7.3	  ka.	  We	  supplement	  the	  Jobos	  Bay	  and	  Sabana	  Seca	  datasets	  
with	  additional	  radiocarbon-­‐dated	  peats	  from	  Arecibo	  (Shlemon	  and	  Capacete;	  1976).	  
These	  four	  index	  points	  and	  one	  freshwater	  limiting	  date	  constrain	  the	  position	  of	  RSL	  in	  
the	  mid-­‐early	  Holocene.	  Index	  points	  spanning	  ~	  7.5	  to	  6.0	  ka	  agree	  with	  the	  freshwater	  
limiting	  date	  from	  Sabana	  Seca	  and	  indicate	  RSL	  was	  between	  -­‐7	  to	  -­‐5	  m	  during	  this	  time	  
period.	  The	  freshwater	  limiting	  date	  from	  Arecibo	  delimits	  the	  position	  of	  RSL	  between	  
9.7	  to	  9.1	  ka	  to	  be	  no	  greater	  than	  -­‐15.7	  m.	  	  
The	  Puerto	  Rico	  record	  was	  compared	  to	  glacial	  isostatic	  adjustment	  (GIA)	  models	  using	  
one	  ice	  model	  (ICE-­‐6G)	  and	  two	  models	  of	  the	  radial	  variation	  of	  mantle	  viscosity	  (VM5a	  
and	   VM5b)	   (Peltier,	   2010).	   There	   is	   good	   agreement	   between	  model	   predictions	   and	  
data,	  with	   the	  exception	  of	   intercalated	   index	  points	   that	   lie	  below	  model	  predictions	  
between	  ~3.0	  and	  1.0	  ka	  and	  another	   intercalated	  index	  point	  that	  sits	  well	  below	  the	  
model	   at	   ~7.5	   ka.	   It	   is	   likely	   that	   sediment	   consolidation	   is	   responsible	   for	   the	   small	  
misfit	  between	  the	  model	  and	  data.	  The	  otherwise	  good	  fit	  between	  the	  data	  and	  model	  
suggests	   that	   land-­‐level	  movements	  associated	  with	   tectonics	  do	  not	  play	  a	  dominant	  
role	  in	  the	  RSL	  history	  of	  Puerto	  Rico	  (assuming	  the	  model	  predictions	  are	  accurate).	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The	  compiled	  RSL	  records	  from	  the	  Caribbean	  are	  shown	  in	  Fig	  6.10.	  There	  is	  generally	  
good	  spatial	  coverage	  in	  the	  Florida	  Keys	  and	  the	  northern	  Caribbean,	  although	  there	  is	  
an	  absence	  of	  data	  from	  most	  of	  Cuba	  and	  the	  entirety	  of	  the	  Bahamas.	  The	  distribution	  
of	   data	   from	   regions	   1-­‐3	   (Fig	   6.10)	   is	   strongly	   biased	   towards	   the	   late	   Holocene,	  
however,	   with	   only	   three	   index	   points	   greater	   in	   age	   than	   6	   ka.	   The	  most	   complete	  
record	  comes	  from	  the	  Florida	  Keys	  (Region	  1)	  with	  29	  basal	  index	  points	  and	  6	  marine	  
limiting	   dates,	   which	   span	   from	   ~	   9	   ka	   to	   present.	   The	   youngest	   basal	   index	   point	  
constrains	  the	  position	  of	  RSL	  to	  be	  -­‐7.7	  m	  between	  9.4	  to	  8.5	  ka.	  The	  coverage	  of	  data	  
is	  poor	  from	  ~8.5	  ka	  to	  ~4.5	  ka,	  making	  the	  rate	  of	  RSL	  rise	  difficult	  to	  constrain.	  There	  is	  
a	  great	  deal	  of	  scatter	  in	  the	  data	  at	  4.5	  ka,	  where	  RSL	  could	  have	  varied	  between	  -­‐5	  to	  -­‐
0.5	  m.	  There	  remains	  a	  great	  deal	  of	  scatter	  in	  the	  basal	  index	  points	  from	  4.5	  to	  ~2	  ka,	  
but	  a	  series	  of	  marine	  limiting	  dates	  indicate	  RSL	  was	  greater	  than	  ~	  0.7	  m	  at	  that	  time,	  
increasing	  to	  the	  current	  level	  at	  present.	  	  
With	   the	   exception	   of	   Belize,	   there	   is	   an	   absence	   of	   data	   from	   the	   Central	   American	  
coast,	  although	  active	  subduction	  zones	  border	  the	  region,	  particularly	  in	  Costa	  Rica	  and	  
Panama,	  which	  may	  introduce	  a	  complicating	  tectonic	  signal.	  There	  is	  an	  abundance	  of	  
mid-­‐early	  Holocene	  data	   from	  Belize,	   although	   there	   is	  much	   scatter	   in	   the	  data	  over	  
this	   time	   period	   and	   late	   Holocene	   data	   is	   lacking.	   80	   basal	   index	   points	   and	   1	  
intercalated	   index	  point	  comprise	  the	  Belize	  data,	  which	  extends	  from	  9.6	  to	  9.4	  ka	  to	  
present.	  At	  9.6	  to	  9.4	  ka,	  RSL	  was	  at	  its	  lowest	  at	  ~-­‐17.4	  m.	  RSL	  rose	  quickly,	  reaching	  a	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height	  between	  -­‐8	  to	  -­‐4	  m	  at	  ~7	  ka.	  	  From	  this	  time,	  the	  rate	  of	  RSL	  rise	  began	  to	  slow.	  
At	  ~3	  ka,	  RSL	  was	  -­‐0.5	  m,	  rising	  slowly	  to	  0	  m	  at	  present.	  
Excluding	   Haiti	   and	   the	   Dominican	   Republic,	   there	   is	   a	   broad	   spatial	   and	   temporal	  
spread	   in	   the	   data	   from	   the	   Greater	   Antilles	   (Jamaica,	   Hispaniola,	   and	   Puerto	   Rico,	  
excluding	   Cuba	   and	   the	   Cayman	   Islands).	   Jamaica	   has	   the	   greatest	   number	   of	   index	  
points	   (n=81)	   compared	   to	   any	   site	   in	   the	   database,	   its	   record	   spans	   most	   of	   the	  
Holocene	  from	  9.3	  to	  8.7	  ka	  to	  present.	  From	  9.3	  to	  8.7	  ka	  RSL	   in	   Jamaica	  rose	  at	   the	  
fastest	   rate	   from	   -­‐12.1	  m	   to	   between	   -­‐5	   to	   -­‐3	  m	   between	   7	   to	   6	   ka.	   The	   rate	   of	   RSL	  
continued	  to	  decrease	  towards	  present	  with	  RSL	  reaching	  between	  -­‐3.7	  to	  -­‐0.9	  m	  at	  ~3.5	  
to	  4	  ka.	  RSL	  continued	  to	  slowly	  rise	  to	  -­‐0.7	  m	  at	  the	  youngest	  index	  point	  in	  the	  record	  
with	  an	  age	  of	  2.3	  to	  2.9	  ka.	  
Only	  St.	  Croix,	  Curacao	  and	  Trinidad	  and	  Tobago	  provided	  RSL	  records	  from	  the	  Lesser	  
Antilles.	  There	   is	  only	  one	   index	  point	   in	   the	  St.	  Croix	  dataset,	  which	   relies	  heavily	  on	  
marine	   limiting	   (coral	   indicator)	   dates.	   The	   records	   from	   Curacao	   and	   Trinidad	   and	  
Tobago	  provide	  consistent	  temporal	  spacing	   in	  sea-­‐level	  data	  from	  ~7-­‐8	  ka	  to	  present.	  
Only	  one	  record	  exists	  from	  the	  South	  American	  coast	  from	  Suriname/Guyana.	  There	  is	  
sufficient	   coverage	   of	   index	   points	   in	   the	   early	   Holocene	   from	   this	   record,	   although	  
limited	  data	  exist	  from	  5	  ka	  to	  present.	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The	  sea-­‐level	   reconstructions	  demonstrate	   that	  RSL	  did	  not	  exceed	  the	  present	  height	  
(0	  m)	   during	   the	   Holocene	   in	   the	   majority	   of	   Caribbean	   locations,	   except	   at	   sites	   in	  
Suriname/Guyana,	  with	  a	  highstand	  of	  ~	  2	  m	  from	  5	  ka	  to	  present,	  and	  possibly	  Trinidad,	  
where	  a	  highstand	  of	  up	  to	  2	  m	  is	  conceivable	  from	  the	  data	  from	  ~3	  ka	  to	  present	  (Fig	  
6.10)	  These	   sites	  are	   located	   furthest	  away	   from	  the	   former	  Laurentide	   Ice	  Sheet	  and	  
may	  demark	  the	  southern	  limit	  of	  its	  GIA	  influence	  (Milne	  et	  al.	  2005).	  At	  all	   locations,	  
RSL	   rise	   was	   greatest	   during	   the	   early	   Holocene,	   with	   rates	   decreasing	   over	   time,	  
primarily	   due	   to	   the	   reduction	   of	   ice	   equivalent	  meltwater	   input	   (Milne	   et	   al.,	   2013).	  	  
More	   robust	  analysis	  of	  RSL	   records	  by	   region	  may	  detect	   finer-­‐scale	   trends	  of	   spatial	  
heterogeneity	   in	   the	   Caribbean	   region,	   although	   analysis	  may	   be	   hindered	   by	   limited	  
spatial	  and	  temporal	  coverage	  of	  the	  data.	  
6.3.4 IMPLICATIONS AND FUTURE RESEARCH 
It	   is	   evident	   that	   further	   improvements	   are	   needed	   in	   the	   spatial	   and	   temporal	  
resolution	   of	   the	   current	   sea-­‐level	   data	   available	   from	   the	   Caribbean	   region	   to	  
meaningfully	  constrain	  GIA	  modeling	  studies	  (Milne	  et	  al.,	  2013).	  There	  is	  great	  scatter	  
in	   sea-­‐level	  data	   in	   the	  early	  Holocene	   in	  Belize,	  and	  mid-­‐	   to	   late	  Holocene	   in	  Florida.	  
Furthermore,	  early	  Holocene	  sea-­‐level	  data	  is	  lacking	  in	  the	  northern	  Caribbean	  and	  the	  
Florida	  Keys,	  and	  greater	  late	  Holocene	  coverage	  is	  needed	  in	  St.	  Croix	  and	  Belize.	  While	  
an	  abundance	  of	  Holocene	  paleoenvironmental	  and	  RSL	  records	  have	  been	  derived	  from	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temperate	   environments,	   these	   types	   of	   data	   are	   scant	   in	   the	   tropics.	   This	   bias	   is	  
evidenced,	   for	   example,	   in	   the	   size	   of	   the	   Holocene	   sea-­‐level	   databases	   of	   the	   U.S.	  
Atlantic	  coast	  (n	  =	  836)	  (Engelhart	  and	  Horton,	  2012)	  and	  British	  Isles	  (n	  >	  1200)	  (Horton	  
and	  Shennan,	  2002),	   compared	   to	   the	   relatively	   small	   database	  of	   the	  Caribbean	   (n	  =	  
331).	  Part	  of	  this	  spatial	  bias	   is	  due	  to	  the	  relative	  ease	   in	  establishing	  chronologies	   in	  
tidal	   marsh	   environments,	   where	   plant	   macrofossils	   preserved	   in	   growth-­‐position	   in	  
accumulating	  sediments	  provide	  accurate	  and	  precise	  AMS	  dates	  (Kemp	  et	  al.,	  2013a).	  
In	   the	   tropics,	   however,	   mangrove	   trees	   predominate	   over	   the	   grasses,	   rushes	   and	  
sedges	   found	   in	   temperate	   intertidal	  marshes,	  and	   there	   is	   currently	  no	  consensus	  on	  
the	   appropriate	  material	   to	   date	   in	   these	   environments.	   Traditionally	   it	   was	   thought	  
that	   the	   fine	   roots	   produced	   by	  mangroves	   only	   grew	   in	   surface	   sediments,	   although	  
other	  researchers	  contend	  that	  modern	  fine	  roots	  can	  penetrate	  to	  greater	  depths	  and	  
contaminate	  belowground	  carbon	  stores	  (Woodroffe,	  1990).	  Furthermore,	  higher	  rates	  
of	   decomposition	   due	   to	   microbial	   activity	   and	   bioturbation	   provide	   additional	  
complications	   to	   radiocarbon	   analyses	   (Coûteaux	   et	   al.,	   1995; Malhi	   et	   al.,	   1999;	  
Franzluebbers	   et	   al.,	   2001).	   Because	   anomalous	   radiocarbon	   ages	   are	   often	   not	  
reported,	   this	   problem	   is	   underrepresented	   in	   the	   literature.	   To	   address	   this	   issue,	   I	  
have	  sorted	  mangrove	  peat	  horizons	  from	  sediment	  cores	  collected	  from	  sites	  in	  Puerto	  
Rico	   and	   Bermuda	   to	   radiocarbon	   date	   surface	   indicators	   (leaf,	   terminal	   twig,	   bark,	  
wood	  fragments),	   fine	  roots,	  and	  bulk	  peat	  material	   (Table	  2).	  These	  dates	  will	  enable	  
comparison	   of	   the	   distribution	   of	   ages	   of	   these	   different	   peat	   components	   to	   assess	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which	  is	  most	  suitable	  to	  obtain	  accurate	  radiocarbon	  dates.	  These	  relationships	  can	  be	  
applied	  to	  the	  database	  to	  assess	  the	  accuracy	  of	  radiocarbon	  ages. 
In	  addition	  to	  the	  chronological	  limitations	  of	  tropical	  environments	  to	  reconstruct	  
paleoenvironmental	  and	  RSL	  change,	  problems	  exist	  with	  preservation	  of	  microfossil	  
indicators,	  which	  are	  typically	  employed	  in	  this	  type	  of	  analysis.	  The	  approach	  I	  outline	  
in	  Chapter	  4	  can	  be	  used	  in	  future	  RSL	  investigations	  from	  the	  Caribbean	  region	  to	  
overcome	  limitations	  with	  microfossil	  preservation.	  In	  addition,	  I	  can	  incorporate	  coral	  
indicators	  from	  Toscano	  and	  Macintyre	  (2003)	  and	  additional	  studies	  (e.g.,	  Toscano	  and	  
Peltier,	  2012)	  into	  the	  database.	  Although	  the	  precision	  of	  these	  indicators	  is	  limited	  in	  
comparison	  to	  mangrove	  peats	  (e.g.,	  Acropora	  palmata	  corals	  are	  presumed	  to	  form	  
within	  the	  upper	  5	  m	  of	  the	  water	  column,	  but	  can	  be	  found	  at	  depths	  as	  great	  as	  12	  m;	  
Lighty	  et	  al.,	  1982),	  they	  can	  provide	  important	  lower	  bounds	  on	  RSL	  where	  data	  is	  
absent	  or	  only	  freshwater	  limiting	  dates	  are	  available	  (e.g.,	  Toscano	  and	  Macintyre,	  
2003;	  Milne	  and	  Peros,	  2013).	  
Variation	  of	  local	  factors	  over	  time,	  such	  as	  tidal	  range	  and	  sediment	  consolidation,	  can	  
produce	  scatter	  in	  RSL	  data	  and	  can	  obscure	  the	  GIA	  or	  eustatic	  signals	  that	  are	  often	  of	  
interest	  in	  sea-­‐level	  studies	  (Gehrels	  et	  al.,	  1995;	  Horton	  and	  Shennan,	  2002;	  Tornqvist	  
et	  al.,	  2008;	  Horton	  and	  Shennan,	  2009;	  Horton	  et	  al.,	  2013).	  The	  reflection	  and	  
amplification	  of	  tidal	  waves	  and	  the	  distribution	  of	  frictional	  dissipation	  of	  tidal	  energy	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transported	  from	  the	  deep	  ocean	  to	  shallow	  shelve	  regions	  is	  strongly	  influenced	  by	  the	  
changes	  in	  shelf	  width	  and	  bathymetric	  depths	  that	  accompany	  RSL	  change	  (e.g.	  
Shennan	  et	  al.,	  2000b;	  Uehara	  et	  al.,	  2006;	  Hill	  et	  al.,	  2011).	  A	  paleotidal	  model	  
developed	  for	  the	  Caribbean	  region	  (Hill	  et	  al.,	  2011)	  can	  be	  used	  to	  correct	  for	  local	  
changes	  in	  tidal	  range	  over	  the	  Holocene	  for	  each	  site	  in	  the	  database.	  	  The	  effects	  of	  
sediment	  compaction	  on	  RSL	  reconstructions	  over	  millennial	  timescales	  have	  been	  
assessed	  through	  regional	  (e.g.,	  Shennan	  et	  al.,	  2000;	  Edwards,	  2006;	  Tornqvist	  et	  al.,	  
2008;	  Horton	  and	  Shennan,	  2009)	  and	  local	  (e.g.,	  Gehrels,	  1999)	  datasets.	  While	  here	  I	  
only	  distinguish	  between	  index	  points	  derived	  from	  basal	  and	  intercalated	  sequences,	  it	  
is	  possible	  to	  further	  classify	  basal	  index	  points	  as	  base	  of	  basal.	  Base	  of	  basal	  samples	  
lie	  within	  0.5	  m	  of	  the	  contact	  of	  the	  basal	  peat	  with	  an	  underlying	  incompressible	  
surface	  and	  experience	  minimal/negligible	  compaction	  (Engelhart	  and	  Horton,	  2012).	  
Factors	  such	  as	  the	  overburden	  depth,	  the	  depth	  to	  an	  incompressible	  basement,	  and	  
the	  total	  thickness	  of	  a	  Holocene	  package	  of	  sediments	  have	  been	  shown	  to	  be	  
controlling	  variables	  of	  Holocene	  compaction	  of	  sediment	  (e.g.,	  Tornqvist	  et	  al.,	  2008;	  
Horton	  and	  Shennan,	  2009;	  Horton	  et	  al.,	  2013).	  Assessment	  of	  the	  residuals	  between	  
index	  points	  and	  a	  GIA	  model	  fit	  to	  base	  of	  basal	  index	  points	  has	  shown	  significant	  
relationships	  between	  these	  variables	  and	  misfit	  with	  the	  model	  (Tornqvist	  et	  al.,	  2008).	  
If	  these	  relationships	  can	  be	  quantified,	  they	  can	  be	  used	  to	  correct	  for	  sample	  
displacement	  due	  to	  compaction	  (e.g.,	  Horton	  and	  Shennan,	  2009;	  Horton	  et	  al.,	  2013).	  	  
CHAPTER	  6	  
	   228	  
	  
Table&6.2&Summary&of&radiocarbon5dated&mangrove&peat&components&&&
Site% Lab%code% Depth%
(cm)%
Material%
dated%
14C%age%±%1σ% 2σ%calibrated%
age%range%Jobos&Bay& OS595713& 63& Leaf& 390&±&25& 5085326&
Jobos&Bay& OS596290& 110& Wood& 810&±&30& 7755679&
Jobos&Bay& OS594834& 122& Bulk&peat& 760&±&40& 7615656&
Jobos&Bay& OS594831& 122& Fine&root& 820&±&25& 7775686&
Jobos&Bay& OS596149& 122& Leaf& 1000&±&30& 9675798&
Jobos&Bay& OS595033& 122& Wood& 1040&±&40& 10625798&
Jobos&Bay& OS595397& 143& Wood& 2220&±&25& 232952153&
Jobos&Bay& OS595156& 162& Bulk&peat& 1400&±&25& 134451268&
Jobos&Bay& OS595262& 162& Fine&root& 835&±&25& 7865692&
Jobos&Bay& OS595263& 162& Wood& 265&±&25& 4285153&
Jobos&Bay& OS595396& 170& Wood& 1760&±&25& 1736551569&
Jobos&Bay& OS594832& 202& Bulk&peat& 990&±&30& 9615787&
Jobos&Bay& OS594828& 202& Fine&root& 420&±&25& 5205355&
Jobos&Bay& OS594996& 202& Leaf& 165&±&30& 28850&
Jobos&Bay& OS596152& 252& Bulk&peat& 2520&±&40& 274552466&
Jobos&Bay& OS595714& 302& Bulk&peat& 1970&±&25& 198851873&
Jobos&Bay& OS596153& 302& Fine&root& 925&±&35& 9255745&
Jobos&Bay& OS596291& 302& Wood& 1990&±&35& 203851867&
Jobos&Bay& OS594837& 317& Bulk&peat& 1890&±&25& 189151737&
Jobos&Bay& OS594844& 317& Leaf& 2850&±&30& 306452975&
Jobos&Bay& OS595261& 317& Wood& 2200&±&25& 231552146&
Rio&Grande& OS585894& 120& Bulk&peat& 5& >&Modern&
Rio&Grande& OS585875& 120& Fine&root& 5& >&Modern&
Rio&Grande& OS585876& 120& Leaf& 50&±&35& 257531&
Rio&Grande& OS585877& 120& Wood& 195&±&30& 3025139&
Rio&Grande& OS596380& 130& Wood& 110&±&25& 268515&
Rio&Grande& OS596385& 266& Wood& 2460&±&30& 270552363&
Sabana&Seca& OS596154& 135& Bulk&peat& 3100&±&35& 338953219&
Sabana&Seca& OS596155& 135& Charcoal& 3240&±&60& 361453358&
Sabana&Seca& OS596156& 195& Bulk&peat& 3460&±&60& 387553575&
Sabana&Seca& OS596167& 195& Charcoal& 4310&±&30& 496054835&
Sabana&Seca& OS596157& 195& Wood& 1590&±&35& 154851400&
Sabana&Seca& OS596164& 200& Seed& 4330&±&35& 502754839&
Sabana&Seca& OS596158& 235& Bulk&peat& 4210&±&35& 484954626&
Sabana&Seca& OS596293& 235& Charcoal& 4290&±&35& 496054825&
Sabana&Seca& OS596159& 235& Wood& 4090&±&35& 481254444&
Sabana&Seca& OS596160& 275& Bulk&peat& 4350&±&40& 521354579&
Sabana&Seca& OS596168& 275& Charcoal& 4290&±&75& 198851873&
Sabana&Seca& OS594973& 276& Seed& 4730&±&30& 558355326&
Sabana&Seca& OS596161& 320& Bulk&peat& 4180&±&45& 484154575&
Sabana&Seca& OS596162& 320& Wood& 4670&±&35& 557255314&
Sabana&Seca& OS596163& 338& Charcoal& 4470&±&50& 530254891&
Sabana&Seca& OS594859& 563& Wood& 1300&±&30& 128951178&
Sabana&Seca& OS594843& 792& Wood& 6420&±&40& 742257274&!
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Given	  sufficient	  consideration/correction	  of	  the	  data	  with	  respect	  to	  the	  areas	  described	  
in	  the	  preceding	  paragraphs,	  this	  database	  may	  have	  important	  implications	  for	  
understanding	  the	  processes	  governing	  the	  nature	  and	  timing	  of	  the	  mid-­‐late	  Holocene	  
reduction	  in	  global	  meltwaters	  (Milne	  et	  al.,	  2005;	  Milne	  et	  al.,	  2008)	  and	  providing	  a	  
context	  of	  late	  Holocene	  RSL	  change	  with	  which	  to	  compare	  the	  rate	  of	  20th	  century	  RSL	  
rise	  (Engelhart	  et	  al.	  2011;	  Gehrels,	  2010).	  In	  addition,	  the	  database	  can	  be	  used	  to	  tune	  
GIA	  models	  (e.g.	  Shennan	  et	  al.,	  2006;	  Woodroffe,	  2009;	  Engelhart	  et	  al.,	  2011),	  which	  
provide	  estimates	  of	  Earth	  rheology	  (Peltier	  et	  al.,	  2002;	  Lambeck	  and	  Purcell,	  2005;	  
Bradley	  et	  al.,	  2009).	  In	  particular,	  the	  Caribbean	  database	  may	  have	  important	  
applications	  for	  validating	  and/or	  calibrating	  a	  new	  3D-­‐viscoelastic	  model	  of	  earth	  
structure	  that	  incorporates	  lateral	  variations	  in	  mantle	  viscosity	  into	  GIA	  predictions	  of	  
RSL	  change	  for	  the	  Caribbean	  region	  (Austermann	  et	  al.,	  2013).	  Corrections	  from	  this	  
model	  to	  infer	  the	  ice-­‐equivalent	  eustatic	  sea-­‐level	  signal	  at	  Barbados	  have	  provided	  
important	  implications	  for	  estimating	  the	  distribution	  of	  ice	  volumes	  at	  the	  last	  glacial	  
maximum	  (LGM)	  (Peltier	  and	  Fairbanks,	  2006). 
6.4 HOLOCENE RELATIVE SEA-LEVEL CHANGE IN THE THAMES RIVER 
ESTUARY, UK 
6.4.1 CONTEXT 
The	   British	   Isles	   have	   attracted	   much	   attention	   from	   studies	   employing	   geophysical	  
models	   to	  understand	   the	  processes	  of	  GIA	  due	   to	   an	   abundance	  of	   RSL	   information,	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which	   have	   created	   extensive	   datasets	   for	   studies	   of	   land-­‐	   and	   sea-­‐level	   movements	  
(e.g.,	   Shennan	   and	   Horton,	   2002)	   and	   the	  wide	   variety	   in	   responses	   observed	   in	   RSL	  
records	  over	  such	  a	  small	  spatial	  extent	  (e.g.,	  Lambeck,	  1993;	  Peltier,	  1998;	  Shennan	  et	  
al.,	   2000,	   2002;	   Peltier	   et	   al.,	   2002;	   Shennan	   and	   Horton,	   2002;	   Milne	   et	   al.,	   2006;	  
Shennan	  et	  al.,	  2006;	  Bradley	  et	  al.,	  2009;	  2011).	   It	   is	  common	  practice	  to	  corroborate	  
model	  predictions	  with	  RSL	  records	  held	  in	  sedimentary	  archives	  (Shennan	  and	  Horton,	  
2002;	   Shennan	   et	   al.,	   2006).	   Despite	   numerous	   advancements	   in	   the	   capabilities	   of	  
these	  models	  (Milne	  et	  al.,	  2006;	  Shennan	  et	  al.,	  2006),	  there	  are	  still	  discrepancies	  that	  
exist	  between	  model	  outputs	  and	  the	  geologic	  records	  used	  for	  their	  validation.	  	  
The	   current	  UK	  database	   first	   presented	   in	   Shennan	   and	  Horton	   (2002)	   contains	   over	  
1250	   sea-­‐level	   index	   points.	   This	   study	   has	   grown	   in	   significance	   since	   its	   publication	  
because	  it	  provided	  a	  thorough	  overview	  of	  most	  sea-­‐level	  studies	  undertaken	  in	  Britain	  
since	   the	   1970s	   and	   included	   an	   important	   map	   of	   relative	   land-­‐	   and	   sea-­‐level	  
movements	  around	  the	  British	  Isles	  during	  the	  past	  4000	  years.	  Late	  Holocene	  sea-­‐level	  
studies	  have	   considerable	   societal	   relevance	  because	   they	  are	  used	  as	   input	   in	   future	  
sea-­‐level	   rise	   predictions	   (Gehrels,	   2010).	   On	   decadal	   to	   centennial	   timescales,	   land-­‐
level	  change	  of	  the	  coast	  on	  the	  order	  of	  1	  or	  2	  mm/yr	  can	  have	  significant	  impacts	  on	  
the	  return	  periods	  of	  extreme	  water	  levels	  (e.g.,	  De	  la	  Vega-­‐Leinert	  and	  Nicholls,	  2008;	  
Gehrels,	   2006),	  making	   accurate	   estimates	   of	   vertical	   land	  motion	   critical	   for	   densely	  
populated	  coasts	  (Gehrels,	  2010).	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Given	   the	  cultural,	  as	  well	  as	  geographical	   significance	  of	   the	  Thames	  River	  Estuary,	   it	  
has	   been	   the	   subject	   of	  many	   investigations	   of	   Holocene	   sea-­‐level	   change	   (Whitaker,	  
1889;	  Spurrell,	  1889;	  Churchill,	  1965;	  Greensmith	  and	  Tucker,	  1973;	  1980;	  Devoy,	  1977;	  
1979;	  1982;	  Wilkinson	  and	  Murphy,	  1988;	  Long,	  1992,	  1995;	  Haggart,	  1995;	  Sidell	  et	  al.,	  
2000;	  Wilkinson	  et	  al.,	  2000).	  Devoy	   (1979)	  provided	  the	   first	  detailed	   litho-­‐,	  bio-­‐,	  and	  
chronostratigraphic	  account	  of	   the	  Holocene	  Thames	  sediments	   in	  a	  benchmark	  study	  
of	   seven	   sites	   in	   the	   lower	   Thames	   Estuary:	   Crossness,	   Dartford,	   Stone	   Marsh,	  
Littlebrook,	  Broadness	  Marsh,	  Tilbury,	  and	   the	   Isle	  of	  Grain.	  Devoy	   (1979)	   identified	  a	  
series	  of	  five	  biogenic	  units	  (Tilbury	  I-­‐V)	  interleaved	  between	  clastic	  deposits	  (Thames	  I-­‐
IV),	  representing	  transgressive	  and	  regressive	  phases.	  He	  found	  the	  same	  general	  rising	  
RSL	  trend	  throughout	  the	  estuary,	  although	  RSL	  in	  the	  mid-­‐estuary	  (Tilbury)	  was	  found	  
to	  be	  1.5	  to	  3	  m	  lower	  than	  the	  sites	  from	  the	  inner	  estuary	  during	  the	  mid-­‐Holocene.	  
Devoy	  (1979)	  reasoned	  that	  this	  trend	  could	  be	  explained	  by	  either	  differential	  crustal	  
movement,	   changes	   in	   tidal	   range,	  or	   sediment	   consolidation	  between	   the	   inner-­‐	   and	  
mid-­‐estuary.	  While	  Devoy	   (1979)	  and	   later	  Shennan	   (1989)	   favored	   the	  mechanism	  of	  
differential	   crustal	   movement,	   subsequent	   investigations	   have	   challenged	   this	  
interpretation	  (Haggart,	  1995;	  Long,	  1995).	  	  
GIA	   model	   fits	   remain	   poor	   in	   the	   southeastern	   coast	   of	   England,	   particularly	   in	   the	  
Thames	   Estuary	   (Bradley	   et	   al.,	   2011).	   Shennan	   and	   Horton	   (2002)	   compile	   sea-­‐level	  
data	   for	   the	   whole	   of	   the	   UK	   and	   identify	   no	   differential	   crustal	   movements	   in	   the	  
CHAPTER	  6	  
	   232	  
Thames	   Estuary.	   The	   Thames	   database	   of	   Shennan	   and	   Horton	   (2002)	   contains	   50	  
validated	   sea-­‐level	   index	   points;	   however,	   the	   temporal	   distribution	   of	   the	   data	   is	  
uneven	   and	   limits	   the	   value	   of	   analyses	   based	   on	   this	   data,	   particularly	   within	   the	  
context	  of	  estimating	   late	  Holocene	   land-­‐level	  changes	   (Shennan	  et	  al.,	  2009;	  Gehrels,	  
2010)	  (Fig	  6.10).	  Most	  of	  the	  index	  points	  are	  of	  mid-­‐Holocene	  age,	  with	  only	  one	  index	  
point	  younger	  than	  2	  ka	  and	  9	  older	  than	  7.5	  ka.	  Only	  13	  index	  points	  come	  from	  basal	  
peats,	  which	  are	  least	  susceptible	  to	  the	  effects	  of	  compaction.	  However,	  basal	  peats	  of	  
late-­‐mid	  Holocene	  age	  are	  mixed	  within	  the	  scatter	  of	  intercalated	  index	  points.	  Horton	  
and	  Shennan	  (2002)	  highlight	  the	  potential	  for	  quite	  large	  changes	  in	  paleotidal	  range	  in	  
the	   Thames,	   where	   the	   former	   embayment	   was	   much	   larger	   than	   at	   present	   and	  
shallow	  offshore	  bathymetry	  and	  a	  high	  present-­‐day	  tidal	  range	  occurs.	  	  
Here,	  I	  produce	  new	  Holocene	  sea-­‐level	  data	  for	  the	  Thames	  Estuary	  from	  two	  sediment	  
cores	  collected	  from	  Swanscombe	  marsh	  by	  applying	  the	  distribution	  of	  δ13C,	  TOC,	  and	  
C/N	   of	   modern	   coastal	   wetlands	   in	   England	   to	   interpret	   paleoenvironmental	   change	  
along	  radiocarbon-­‐dated	  contacts.	  In	  addition,	  I	  discuss	  the	  applicability	  of	  this	  approach	  
to	  a	  series	  of	  additional	  cores	  along	  the	  mid-­‐	  to	  lower	  estuary	  for	  which	  δ13C,	  TOC,	  and	  
C/N	   and	   chronostratigraphic	   analyses	   have	   already	   been	   performed	   and	   make	  
suggestions	   for	   corrections	   to	   be	   made	   to	   these	   data	   to	   account	   for	   changes	   in	  
paleotidal	  range	  and	  sediment	  consolidation.	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6.4.2 APPROACH 
I	  apply	  the	  methodology	  described	  above	   in	  Section	  6.4.2	  and	  the	   indicative	  meanings	  
defined	   in	  Chapter	  5	   to	  produce	   sea-­‐level	   index	  points	   from	   two	  cores	   collected	   from	  
Swanscombe	  Marsh	  (Table	  3;	  Figure	  6.10).	  Changes	  (in	  either	  direction)	  in	  δ13C	  from	  -­‐26	  
to	  -­‐28	  ‰,	  TOC	  from	  <10	  to	  >20	  %	  and	  C/N	  from	  <	  15	  to	  >	  15	  across	  (±	  20	  cm	  above	  or	  
below)	   lithostratigraphic	   contacts	   are	   used	   to	   assign	   the	   indicative	  meaning	   to	   dated	  
Phragmites	  or	  monocot	  peat	   samples	  determined	  by	  Shennan	   (1982),	  Shennan	   (1986)	  
and	  Horton	  et	  al.,	  (2000).	  The	  salinity	  preference	  of	  diatom	  assemblages	  (Hustedt,	  1953;	  
Denys,	  1991/1992)	  preserved	  (only)	  in	  clastic	  sequences	  provides	  support	  for	  δ13C,	  TOC,	  
and	  C/N-­‐based	  paleoenvironmental	  interpretations.	  
6.4.3 RESULTS AND DISCUSSION 
Core	  SW2	  was	  collected	  within	  1	  km	  of	  core	  SW1	  described	  in	  Chapter	  5,	  thus	  many	  of	  
the	  same	  stratigraphic	  units	  are	  recognized	  (Fig	  6.11).	  In	  this	  core,	  the	  upper	  peat	  unit	  is	  
better	  developed	  than	  its	  constituent	  in	  core	  SW1,	  and	  I	  provide	  a	  brief	  example	  of	  how	  
sea-­‐level	   data	   are	   produced	   from	   the	   remaining	   samples	   in	   this	   core	   using	   the	   dated	  
regressive	  contact	  at	   -­‐2.33	  m	  OD.	  The	  age	  of	  a	  Phragmites	  stem	   found	  at	   the	  contact	  
was	   determined	   to	   be	   3203-­‐2929	   cal	   yr	   BP.	   Across	   the	   regressive	   contact,	   δ13C	  
decreased	  gradually	  from	  -­‐26	  to	  -­‐29	  ‰	  and	  TOC	  rose	  sharply	  from	  between	  5-­‐10	  %	  to	  30	  
%.	  The	  change	  in	  C/N	  was	  less	  dramatic,	  although	  it	  did	  increase	  from	  ~10	  to	  20	  across	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the	  contact,	  meeting	  the	  criteria	  of	  a	  Phragmites	  peat	  lying	  directly	  above	  a	  clastic	  salt	  
marsh	  deposit.	  The	  diatom	  assemblages	  above	  and	  below	  the	  contact	  also	  support	  the	  
interpretation	  of	  a	  reduction	  in	  marine	  influence,	  with	  a	  decrease	  in	  polyhalobous	  and	  
mesohalobous	   taxa	   and	   an	   increase	   in	   halophobous	   taxa.	   Therefore,	   I	   assigned	   an	  
indicative	  meaning	  of	   (MHWST	  ±	  HAT)/2	   -­‐	  20	  cm	  and	   indicative	  range	  of	  ±	  0.20	  cm	  to	  
this	  dated	  contact.	  
I	   considered	   the	   vertical	   errors	   involved	  with	   determining	   the	   altitude	   of	   this	   sample	  
based	  on	  the	  percussion	  coring	  method	  used	  (±	  1.50	  m	  borehole	  error	  for	  compaction	  
during	   coring	   and	   angle	   of	   tilt),	   sampling	   errors	   (±	   0.20	   m),	   variations	   in	   tidal	   range	  
between	  tide	  gauge	  stations	  used	  to	  estimate	  to	  tidal	  datums	  at	  the	  site	  (0.20	  m),	  and	  
error	  in	  the	  method	  used	  to	  determine	  altitude	  of	  core	  boreholes	  (±	  0.10	  m	  benchmark	  
error	  for	  differential	  geographical	  positioning	  system	  with	  real-­‐time	  kinematic	  capability	  
and	   ±	   0.05	   m	   leveling	   error	   for	   total	   station	   surveying).	   The	   sample	   is	   intercalated	  
between	   two	   clastic	   sequences;	   therefore,	   the	   sample	   is	   classified	   as	   an	   intercalated	  
index	  point.	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The	  calculation	  of	  RSL	  and	  age,	  including	  the	  error	  terms,	  for	  this	  index	  points	  was:	  
RSL	  =	  -­‐2.33	  maltitude	  –	  3.86	  mreference	  water	  level	  =	  -­‐5.83	  m	   	   	   	   (4)	  
	  
Error	  =	  Σ	  (0.20	  m2indicative	  range	  +	  0.01	  m2thickness	  +	  0.05	  m2levelling	  +	  0.20	  m2sampling	  	  
+	  0.10	  m2benchmark	  +	  0.01	  m2borehole	  +	  0.20	  m2tidal)1/2	  
	  	  	  	  	  	  	  	  	  	  =	  1.58	  m	  
	  
Age	  =	  2900	  ±	  35	  14C	  years	  
	  	  	  	  	  	  	  	  =	  3203-­‐2929	  cal	  yr	  BP	  (2σ	  range)	  
	  
The	   same	   methodology	   was	   applied	   to	   the	   remaining	   radiocarbon	   dates	   from	   the	  
Swanscombe	  marsh	  cores	  to	  produce	  Table	  3,	  which	  indicates	  the	  position	  and	  vertical	  
uncertainty	  of	  RSL	  for	  the	  new	  sea-­‐level	  data.	  
Figure	   6.12a	   shows	   an	   age-­‐altitude	   plot	   of	   these	   data	   and	   Figure	   6.12b	   shows	  
comparison	  of	   the	   new	   index	   points	   to	   the	   Thames	   database	   of	   Shennan	   and	  Horton	  
(2002).	  There	  is	  agreement	  between	  the	  new	  data	  produced	  using	  δ13C,	  TOC,	  and	  C/N-­‐
based	   paleoenvironmental	   interpretations	   and	   the	   existent	   data,	   which	   provides	  
support	   for	   the	   approach.	   However,	   the	   data	   from	   Swanscombe	   marsh	   do	   little	   to	  
improve	   the	   temporal	   distribution	   of	   the	   database.	   With	   the	   exception	   of	   two	  
intercalated	  index	  points,	  which	  are	  younger	  than	  2.5	  ka	  and	  a	  basal	   index	  point	  older	  
than	   7.5	   ka,	   the	   remaining	   new	   data	   sits	   within	   the	   scatter	   of	   the	   original	   data.	  
Consistent	   with	   the	   original	   data,	   index	   points	   from	   the	   Swanscombe	   cores	   also	   lie	  
below	  GIA	  model	  predictions,	  presumably	  related	  to	  issues	  with	  sediment	  consolidation.	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6.4.4 IMPLICATIONS AND FUTURE RESEARCH 
The	   δ13C,	   TOC,	   and	   C/N-­‐based	   approach	   to	   paleoenvironmental	   interpretation	   can	   be	  
employed	  on	  a	  suite	  of	  cores	  collected	  from	  the	  mid	  to	  lower	  Thames	  Estuary	  (Fig	  6.13)	  
to	  improve	  the	  temporal	  coverage	  of	  the	  data.	  Comparison	  of	  continuous	  δ13C,	  TOC,	  and	  
C/N	   values	   down	   these	   cores	   to	   the	   ranges	   of	   these	   values	   in	   modern	   English	  
environments	   (Fig	   6.14)	   suggests	   that	   similar	   interpretations	   as	   demonstrated	   in	  
Chapter	   5	   and	   Section	   6.4.3	   will	   be	   possible	   from	   these	   data.	   There	   is	   good	  
correspondence	  between	  modern	  and	  core	  values,	  with	  a	   few	  exceptions.	  TOC	  values	  
greater	  than	  50	  are	  observed	  in	  muds	  and	  peats	  from	  the	  Barking,	  Rainham	  and	  Tilbury	  
cores	  –	  these	  values	  are	  greater	  than	  observed	  in	  the	  modern	  dataset.	  	  Particularly	  from	  
the	  Barking	  core,	  there	  are	  also	  muds	  that	  have	  δ13C	  and	  TOC	  values	  below	  the	  range	  of	  
the	  modern	  dataset.	  In	  addition,	  there	  are	  a	  number	  of	  samples	  with	  C/N	  values	  lower	  
than	  in	  the	  modern	  dataset;	  however,	  these	  samples	  are	  almost	  exclusively	  from	  clastic	  
units	  that	  represent	  a	  reclamation	  surface.	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Figure	  6.12	  (A)	  Sea-­‐level	  index	  points	  and	  limiting	  data	  for	  Swanscombe	  marsh	  in	  the	  Thames	  Estuary.	  The	  
sea-­‐level	  data	  are	  plotted	  as	  calibrated	  age	  against	  change	  in	  sea	  level	  relative	  to	  present	  (m).	  Basal	  (blue)	  
and	   intercalated	   (red)	   index	   points	   are	   plotted	   as	   boxes	  with	   2σ	   vertical	   and	   calibrated	   age	   errors.	   (B)	  
Comparison	   of	   the	   new	   sea-­‐level	   data	   with	   the	   Thames	   database	   of	   Shennan	   and	   Horton	   (2002).	   The	  
dashed	   lines	   show	   the	   predicted	   RSL	   from	   GIA	  models	   described	   in	   Shennan	   et	   al.	   (2000)	   (black)	   and	  
Bradley	  et	  al.	  (2011)	  (light	  blue).	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Under-­‐sampling	  of	  the	  contemporary	  environment	  may	  account	  for	  poor	  analogues	  for	  
the	  core,	  or	  alternatively,	  the	  past	  combination	  of	  conditions	  that	  persisted	  to	  produce	  
the	  observed	  Holocene	  δ13C,	  TOC,	  and	  C/N	  values	  may	  no	  longer	  exist.	  The	  former	  may	  
be	   the	   case	   for	   the	   relatively	   low	   δ13C	   and	   TOC	   values	   observed	   in	   the	   core	   dataset.	  
These	   samples	   are	   from	   the	   basal	  mud	   sequences	   deposited	   upon	   Pleistocene	   gravel	  
surfaces	   that	   likely	   represent	  an	   initial,	   transgressive	   facies	   reflecting	  deposition,	  prior	  
to	  the	  establishment	  of	  a	  more	  permanently	  high	  groundwater	  table	  controlled	  by	  sea	  
level,	   a	   condition	   which	   at	   present	   cannot	   not	   be	   sampled	   on	   the	   modern	   estuary.	  
Likewise,	  the	  elevated	  TOC	  values	  suggest	  that	  Holocene	  fen	  wood	  environments	  were	  
able	   to	   store	   more	   carbon	   is	   their	   sediments	   than	   their	   contemporary	   counterparts.	  
However,	  our	  sampling	  of	  fen	  carr	  environments	  was	   limited	   laterally	  to	  the	  boundary	  
with	  reed	  swamp	  environments	  –	  increased	  sampling	  within	  fen	  carr	  environments	  may	  
help	   account	   for	   anomalously	   high	   TOC	   values	   observed,	   as	   well	   as	   finding	   suitable	  
contemporary	  oak	  fen	  woodlands	  to	  sample.	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Figure	  6.14	  Comparison	  of	  all	  Holocene	  sediments	  from	  cores	  collected	  from	  the	  mid-­‐	  to	  lower-­‐Thames	  	  
Estuary	  in	  Barking	  (purple),	  Rainham	  (blue),	  Dartford	  (teal),	  Tilbury	  (light	  green),	  Cliffe	  (orange),	  and	  Grain	  
(red)	  to	  the	  modern	  range	  of	  coastal	  wetland	  environments	  of	  England	  described	  in	  Chapter	  5.	  The	  core	  
data	  is	  also	  grouped	  by	  its	  lithology:	  mud	  (circle),	  organic-­‐rich	  mud	  (+),	  peat	  (diamond)	  and	  a	  reclamation	  
surface	  (X).	  (A)	  Comparison	  of	  modern	  and	  Holocene	  δ13C	  and	  TOC	  values.	  (B)	  Comparison	  of	  modern	  and	  
Holocene	  δ13C	  and	  C/N	  values.	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Conversely,	  post-­‐depositional	  change	  may	  also	  explain	  the	  deviation	  of	  core	  sediments	  
from	   modern.	   The	   concentration	   of	   refractory	   plant	   lignin	   due	   to	   preferential	  
breakdown	  of	  more	  labile	  cellulose	  and	  hemicellulose	  compounds	  is	  often	  attributed	  as	  
the	  major	  factor	  causing	  post-­‐depositional	  change	  in	  δ13C	  values	  in	  coastal	  sedimentary	  
archives	  (e.g.,	  Benner	  et	  al.,	  1987;	  Wilson	  et	  al.,	  2005a,b;	  Lamb	  et	  al.,	  2006;	  2007).	  Lignin	  
is	  4-­‐7	  ‰	  more	  depleted	   in	  δ13C	  values	   relative	   to	  bulk	  plant	  material,	   so	  as	   the	  more	  
labile	  components	  are	  broken	  down	  and	  respired	  by	  bacteria	  (and	  fungi),	  the	  δ13C	  of	  the	  
remaining	  organic	  matter	  reflects	  the	  increasing	  relative	  lignin	  content.	  This	  effect	  may	  
explain	  the	  relatively	  low	  δ13C	  values	  of	  organic-­‐rich	  muds	  with	  TOC	  values	  between	  5-­‐8.	  
On	   the	  other	  hand,	   the	   increase	   in	  δ13C	  and	  C/N	  values	  of	  Holocene	  organic-­‐rich	  mud	  
and	   peat	   (δ13C:	   -­‐27.5	   to	   -­‐26.5	  ‰,	   C/N:	   >20)	   from	   observed	  modern	   environments	   is	  
consistent	  with	  the	  preferential	  degradation	  of	  lignin	  by	  white-­‐rot	  fungi	  (Hatakka,	  1994;	  
Vane	   et	   al.,	   2003;	   2005;	   2006).	   Lignin	   is	   devoid	   of	   N,	   so	   preferential	   loss	   of	   this	  
compound	  would	   result	   in	   increased	  C/N	   values.	   This	   notion	   is	   also	   supported	  by	   the	  
presence	  of	  fungal	  remains	  in	  the	  palynologically	  sparse	  peat	  sequences,	  observed	  both	  
in	  pollen	  analysis	  from	  Chapter	  5	  and	  by	  Devoy	  (1979).	   	  
As	  discussed	   in	  Section	  6.3.4,	  assessment	  and/or	   correction	   for	   changes	   in	   tidal	   range	  
and	  sediment	  consolidation	  can	  be	  applied	  to	  improve	  the	  broad	  scatter	  in	  the	  sea-­‐level	  
data.	   Paleotidal	   modeling	   of	   the	   North	   Sea	   by	   Uehara	   et	   al.	   (2006)	   can	   applied	   to	  
Thames	  sediments.	  The	  position	  of	  intercalated	  index	  points,	  which	  plot	  well	  below	  GIA	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model	   predictions	   particularly	   in	   the	   mid	   to	   late	   Holocene,	   suggests	   sediment	  
consolidation	  has	  had	  a	   significant	   impact	  on	   the	  vertical	  displacement	  of	   these	   index	  
points.	  
Production	  of	  high	  quality	  Holocene	  RSL	  data	  from	  the	  Thames	  Estuary	  that	  takes	   into	  
account	   local	  contributions	  to	   its	  RSL	  history	  (i.e.,	  changes	   in	  tidal	  range	  and	  sediment	  
consolidation)	   is	   important	   for	   the	   calibration	   of	   regional	   GIA	   models,	   particularly	   if	  
these	  models	  are	  to	  be	  used	  to	  predict	  values	  of	  vertical	   land	  motion	  for	  areas	  lacking	  
geological	  data.	  Like	  much	  of	  southern	  England,	  there	  is	  a	  lack	  of	  late	  Holocene	  RSL	  data	  
from	  the	  Thames.	  Achieving	  correspondence	  between	  GIA	  models	  predictions	  and	  RSL	  
records	   over	   Holocene	   timescales,	   where	   data	   are	   available	   to	   compare	   to	   model	  
simulations,	  is	  critical	  if	  these	  models	  are	  used	  to	  produce	  predictions	  that	  are	  used	  for	  
future	  planning	  purposes.	  
6.5 SUMMARY 
Sedimentation	  estimates	  from	  the	  2011	  Mississippi	  River	  flood	  were	  measured	  in	  deltaic	  
wetlands	  and	  compared	  to	  field-­‐calibrated	  satellite-­‐based	  estimates	  of	  suspended	  
sediment	  concentrations	  from	  the	  Atchafalaya	  and	  Mississippi	  River	  plumes	  and	  in	  situ	  
hydrographic	  measurements	  of	  the	  Mississippi	  River	  plume.	  Sediment	  plume	  dynamics	  
from	  the	  Atchafalaya	  and	  Mississippi	  River	  outflows	  were	  dramatically	  different	  -­‐	  the	  
diffuse	  Atchafalaya	  plume	  inundated	  a	  wide	  area	  and	  mixed	  with	  coastal	  waters,	  while	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the	  Mississippi	  River	  plume	  exhibited	  jet-­‐like	  behavior,	  with	  limited	  mixing	  with	  coastal	  
waters.	  Sedimentation	  patterns	  were	  consistent	  with	  predictions	  based	  on	  plume	  
behavior.	  Rivers	  can	  contribute	  significant	  quantities	  of	  sediment	  to	  maintain	  and	  build	  
marshes,	  if	  the	  river	  plumes	  are	  slow	  and	  diffuse	  enough	  to	  encourage	  deposition.	  Plans	  
are	  under	  discussion	  to	  create	  artificial	  diversions	  in	  the	  Birdsfoot	  basin	  to	  encourage	  
marsh	  building	  using	  the	  river	  itself;	  our	  results	  help	  to	  determine	  the	  type	  of	  flow	  
conditions	  that	  produce	  sedimentation.	  
The	  modern	  distribution	  of	  δ13C,	  TOC,	  C/N	  and	  the	  ratio	  of	  total	  foraminifera	  to	  
thecamoebians	  was	  applied	  to	  radiocarbon-­‐dated	  basal	  peats	  from	  sediment	  cores	  
collected	  from	  Puerto	  Rico	  to	  develop	  a	  Holocene	  record	  of	  relative	  sea-­‐level	  (RSL)	  
change	  consisting	  of	  12	  index	  points	  and	  11	  limiting	  dates.	  Results	  from	  Chapter	  Four	  
were	  used	  to	  compile	  a	  database	  of	  sea-­‐level	  data	  from	  the	  circum-­‐Caribbean	  region	  
using	  radiocarbon-­‐dated	  mangrove	  peats	  from	  previously	  published	  studies.	  The	  spatial	  
and	  temporal	  distribution	  of	  the	  Caribbean	  sea-­‐level	  database	  was	  assessed	  and	  its	  
suitability	  for	  comparison	  to	  GIA	  modeling	  studies	  was	  considered.	  Recommendations	  
are	  made	  to	  improve	  the	  quality	  of	  the	  sea-­‐level	  data,	  specifically	  consideration	  of	  the	  
accuracy	  of	  radiocarbon	  ages,	  the	  addition	  of	  index	  points	  from	  coral-­‐indicators,	  and	  
corrections	  for	  changes	  in	  paleotidal	  range	  and	  sediment	  consolidation.	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The	  modern	  δ13C,	  TOC,	  and	  C/N	  bulk	  sediment	  dataset	  was	  applied	  to	  a	  sediment	  core	  
collected	  from	  Swanscombe	  marsh	  to	  produce	  14	  new	  sea-­‐level	  index	  points	  and	  8	  
freshwater	  limiting	  dates	  for	  the	  Thames	  Estuary,	  UK.	  Mid	  to	  late	  Holocene	  data	  from	  
the	  new	  dataset	  and	  the	  existent	  Shennan	  and	  Horton	  (2002)	  database	  sit	  far	  below	  GIA	  
model	  predictions	  and	  suggest	  that	  either	  tidal	  range	  change	  over	  time	  or	  sediment	  
consolidation	  dramatically	  effects	  these	  index	  points.	  Consideration	  and/or	  correction	  
for	  these	  factors	  are	  needed	  in	  order	  to	  provide	  high-­‐quality	  sea-­‐level	  data	  to	  calibrate	  
GIA	  models
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CHAPTER 7. CONCLUSIONS 
7.1 INTRODUCTION 
The	  overarching	  goal	  of	  this	  research	  was	  to	  assess	  the	  applicability	  of	  the	  bulk	  δ13C,	  
TOC	  and	  C/N	  geochemistry	  of	  sedimentary	  organic	  matter	  and	  microfossils	  in	  the	  
interpretation	  of	  paleoenvironmental	  and	  relative	  sea-­‐level	  change	  over	  a	  range	  of	  
physiographic	  conditions	  and	  temporal	  scales.	  This	  chapter	  concludes	  the	  thesis	  by	  
answering	  the	  initial	  research	  questions	  outlined	  in	  Chapter	  One.	  The	  chapter	  concludes	  
by	  considering	  future	  research	  avenues.	  
7.2 SUMMARY OF THESIS 
1)	  What	  is	  the	  utility	  of	  diatoms	  and	  stable	  carbon	  isotopes	  in	  identifying	  flood	  
sedimentation,	  determining	  sediment	  provenance	  and	  inferring	  spatial	  deposition	  
patterns	  following	  a	  modern,	  large-­‐scale	  flood	  on	  the	  Mississippi	  River	  Delta	  and	  
associated	  wetlands?	  
Flood	  diatom	  assemblages	  provided	  insight	  into	  the	  mode	  of	  sediment	  deposition	  and	  
its	  provenance	  from	  the	  Mississippi	  River	  flood	  of	  Spring	  2011.	  Flood	  diatom	  
assemblages	  displayed	  a	  marked	  increase	  in	  the	  proportion	  of	  centric	  (planktonic)	  taxa	  
relative	  to	  pennate	  (benthic)	  forms.	  The	  centric	  to	  pennate	  ratio	  was	  significantly	  
greater	  in	  the	  flood-­‐effected	  Atchafalaya	  and	  Birdsfoot	  basins	  compared	  to	  the	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intervening	  Barataria	  and	  Terrebonne	  basins.	  This	  indicator	  of	  flood	  sedimentation	  is	  
somewhat	  mechanistic	  in	  that	  the	  process	  by	  which	  this	  change	  in	  assemblage	  occurs	  is	  
related	  to	  increasing	  connection	  between	  the	  river	  and	  marsh	  via	  inundation	  from	  
overbank	  flooding.	  A	  riverine	  assemblage	  of	  centric	  diatoms	  with	  a	  high	  number	  of	  
Nitzschia	  spp.	  was	  incorporated	  into	  deposits	  as	  sediments	  settled	  out	  of	  suspension	  to	  
accumulate	  over	  time	  (days	  to	  weeks).	  Stable	  carbon	  isotopes	  were	  not	  able	  to	  uniquely	  
distinguish	  sediments	  deposited	  by	  the	  flood	  from	  those	  deposited	  by	  background	  
processes,	  although	  they	  were	  able	  to	  elucidate	  the	  freshwater	  provenance	  of	  flood	  
sediments,	  which	  was	  also	  supported	  by	  the	  low-­‐salinity	  preference	  of	  diatom	  
assemblages.	  Both	  of	  the	  observed	  characteristics	  of	  diatoms	  and	  stable	  carbon	  isotopes	  
should	  be	  able	  to	  distinguish	  flood	  sediments	  from	  those	  deposited	  by	  hurricane	  storm	  
surge.	  Hurricane	  deposits	  on	  the	  Gulf	  Coast	  have	  diatom	  assemblages	  indicative	  of	  
mixed	  marine,	  brackish	  and	  freshwater	  origin	  (Parsons,	  1994),	  and	  the	  stable	  carbon	  
isotopes	  composition	  of	  these	  deposits	  reflect	  marine	  incursion	  (Lambert	  et	  al.,	  2008).	  	  
The	  diatom	  assemblage	  of	  sediments	  served	  as	  an	  independent	  validation	  of	  the	  
qualitative	  method	  used	  to	  infer	  flood	  sedimentation	  in	  the	  field.	  Initially,	  flood	  
sediments	  were	  distinguished	  on	  the	  basis	  of	  their	  color,	  loose	  consistency,	  and	  the	  
absence	  of	  ingrown	  plant	  roots.	  The	  shift	  in	  diatom	  assemblages	  provided	  additional	  
confidence	  in	  the	  flood	  sedimentation	  measurements,	  and	  allowed	  important	  
interpretations	  to	  be	  made	  regarding	  spatial	  patterns	  of	  deposition	  in	  relation	  to	  the	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flow	  characteristics	  of	  the	  Mississippi	  and	  Atchafalaya	  rivers	  outflows	  (Falcini	  et	  al.,	  
2012)	  and	  the	  significance	  of	  flood	  deposition	  with	  respect	  to	  annual	  accretion	  
measurements	  and	  hurricane-­‐induced	  sedimentation.	  
2)	  Does	  the	  δ13C,	  TOC	  and	  C/N	  bulk	  geochemistry	  of	  sedimentary	  organic	  matter	  
enable	  accurate	  and	  precise	  reconstruction	  of	  paleoenvironmental	  and	  relative	  sea-­‐
level	  change	  in	  the	  absence	  of	  microfossil	  indicators	  in	  mangrove	  environments?	  
Analysis	   from	   transects	   at	   three	   sites	   revealed	   that	   elevation-­‐dependent	   tidal	   flat,	  
mangrove,	  brackish	   transition,	  and	   freshwater	   floral	   zones	  had	  distinct	  δ13C,	  TOC,	  and	  
C/N	  values,	  although	  the	  ratio	  of	  total	  foraminifera	  to	  thecamoebians	  (F/T)	  was	  needed	  
to	   definitively	   distinguish	   between	   brackish	   transition	   and	   freshwater	   zones.	   Linear	  
discriminant	  analysis	  of	   the	  δ13C,	  TOC,	  C/N	  and	  F/T	  dataset	   indicated	  that	  the	  modern	  
training	  dataset	  was	  robust	  and	  cross-­‐validation	  tests	  correctly	  allocated	  samples	  in	  the	  
training	  set	   to	  the	  correct	   floral	  zone	  with	  a	  <	  0.05	  error	  rate,	  providing	  confidence	   in	  
the	   accuracy	   of	   the	   technique.	   Linear	   discriminant	   functions	   (LDFs)	  were	   applied	   to	   a	  
sediment	   core	   to	   estimate	   paleomarsh	   elevation.	   In	   a	   continuous	   sequence	   of	  
Rhizophora	   peat,	   samples	   were	   allocated	   to	   a	   mangrove	   floral	   zone	   with	   >	   95%	  
confidence,	   which	   enabled	   estimation	   of	   paleomangrove	   elevation	   with	   a	   vertical	  
uncertainty	  of	  ±	  0.12	  m.	  	  
Without	  supporting	  microfossil	   information	  (e.g.,	  F/T),	  δ13C,	  TOC,	  and	  C/N	  values	  were	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still	   able	   to	   differentiate	   among	   floral	   zones,	   but	   with	   a	   loss	   in	   confidence	   in	   the	  
accuracy	  of	  the	  reconstruction	  at	  the	  transitional	  boundary	  between	  mangrove,	  brackish	  
and	  freshwater	  floral	  zones.	  For	  example,	   in	  a	  cross-­‐validation	  test	  of	  the	  geochemical	  
training	   set	  excluding	  F/T	  values,	   the	  error	   rate	   increased	   to	  ~12%.	  Along	  with	   simple	  
microfossil	  metrics	  that	  can	  delimit	  between	  fully	  freshwater	  and	  saline/brackish	  zones,	  
δ13C,	  TOC,	  and	  C/N	  values	  can	  be	  used	  as	  an	  accurate	  and	  precise	  proxy	  for	  former	  sea	  
level	  in	  tropical	  environments.	  	  
3)	  What	  is	  the	  applicability	  of	  δ13C,	  TOC	  and	  C/N	  in	  comparison	  to	  the	  established	  
microfossil	  indicators	  used	  for	  Holocene	  paleoenvironment	  and	  relative	  sea-­‐level	  
reconstruction	  in	  the	  Thames	  Estuary,	  UK?	  	  
Modern	  transects	  at	  four	  sites	  showed	  that	  sediment	  derived	  from	  tidal	  flat/low	  marsh,	  
mid/high	  marsh,	  reed	  swamp	  and	  fen	  carr	  environmental	  zones	  had	  statistically	  distinct	  
δ13C,	   TOC,	   and	   C/N	   values.	   These	   data	  were	   combined	  with	   analyses	   from	   additional	  
sites	   in	  the	  UK	  to	  produce	  a	  regional	  δ13C,	  TOC,	  and	  C/N	  database	  to	   interpret	  coastal	  
sedimentary	  sequences.	  
The	   applicability	   of	   δ13C,	   TOC,	   and	  C/N	   in	   the	   production	   of	  Holocene	   sea-­‐level	   index	  
points	   is	   clearly	   demonstrated	   in	   the	   application	   of	   the	   regional	   δ13C,	   TOC,	   and	   C/N	  
database	   to	   the	   Holocene	   sediment	   core.	   Poor	   preservation	   of	   microfossils,	   an	   issue	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common	   throughout	   the	   Thames	   Estuary	   and	   the	   UK,	   hindered	   interpretation	   of	  
stratigraphic	  contacts	   in	  the	  core.	  Based	  on	   lithology	  and	  plant	  macrofossils,	   inference	  
could	   have	   been	   made	   on	   transgressive/regressive	   contacts	   in	   the	   core,	   but	   in	   the	  
absence	   of	   supporting	   information	   from	  microfossils,	   uncertainties	  would	   exist	   in	   the	  
interpretation.	   The	   comprehensive	   δ13C,	   TOC,	   and	   C/N	   dataset	   provided	   additional	  
necessary	  confidence	  in	  the	  interpretation	  of	  contacts	  within	  the	  core.	  
7.3 FUTURE RESEARCH DIRECTIONS 
Diatom	  flood	  indicator	  
The	  next	  logical	  step	  to	  expand	  upon	  the	  findings	  of	  the	  2011	  flood	  sediment	  survey	  is	  
to	  test	  whether	  the	  characteristics	  of	  flood	  sediments	  outlined	  in	  Chapter	  Three	  are	  able	  
to	  identify	  former	  historical	  flood	  deposits.	  This	  proof	  of	  concept	  could	  be	  
demonstrated	  in	  two	  ways.	  First,	  a	  subset	  of	  sites	  visited	  in	  the	  first	  sampling	  campaign	  
that	  were	  observed	  to	  have	  substantial	  flood	  deposits	  could	  be	  revisited	  and	  cored.	  This	  
would	  enable	  to	  us	  to	  gauge	  whether	  flood	  deposits	  were	  still	  recognizable	  visually	  (how	  
they	  were	  originally	  identified)	  and	  if	  the	  deposits	  still	  maintained	  the	  same	  suite	  of	  
physical,	  biological,	  and	  chemical	  characteristics.	  A	  second	  test	  of	  the	  flood	  proxy	  would	  
be	  to	  collect	  sediment	  cores	  spanning	  large	  historical	  floods,	  such	  as	  the	  flood	  of	  1973.	  
210Pb	  dating	  and	  other	  age	  markers	  from	  the	  core	  would	  indicate	  the	  stratigraphic	  depth	  
of	  the	  flood	  deposit,	  and	  the	  same	  suite	  of	  analyses	  could	  be	  performed	  along	  this	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contact.	  Providing	  minimal	  post-­‐depositional	  alteration,	  this	  flood	  indicator	  may	  aid	  in	  
future	  investigations	  of	  the	  relative	  contributions	  of	  floods	  and	  hurricanes	  to	  delta	  
dynamics.	  	  
δ13C	  and	  C/N	  as	  a	  sea-­‐level	  indicator	  
To	   continue	   to	   develop	   this	   technique,	   the	   same	   scrutiny	   given	   microfossils	   for	  
validation	   as	   a	   sea-­‐level	   indicator	   is	   needed	   for	   δ13C	   and	   C/N	   data	   (e.g.,	   Horton	   and	  
Edwards,	   2006).	   Better	   understanding	   of	   micro-­‐scale	   scale	   variability	   or	   patchiness	  
(Swallow,	   2000;	  Morvan	   et	   al.,	   2006;	   Kemp	   et	   al.,	   2011a)	   of	   δ13C	   and	   C/N	   is	   needed.	  
Other	   terrestrial	   ecosystems	   have	   demonstrated	   patchy	   distribution	   of	   soil	   organic	  
matter	   in	   relation	   to	   vegetation	   patterns	   and	   plant	   community	   dynamics	   (e.g.,	  
Schlesinger	  et	  al.,	  1990,	  1996;	  Smith	  et	  al.,	  1994;	  Schlesinger	  and	  Pilmanis,	  1998;	  Macek	  
et	  al.,	  2009).	  Marsh	  platforms	  can	  host	  a	  diverse	  (species-­‐rich)	  community	  of	  halophytic	  
plants,	   particularly	   in	   the	  UK	   (Adams,	   1990).	   The	   development	   of	   the	   saltmarsh	   plant	  
species	  and	  communities	  is	  also	  accompanied	  by	  developments	  in	  the	  soil	  structure	  and	  
microflora	   (e.g.,	   bacteria	   and	   fungi),	   which	   are	   involved	   in	   biogeochemical	   processes	  
controlling	   the	   breakdown	   of	   organic	   matter	   and	   the	   cycling	   of	   plant	   nutrients	  
(Constantini	   and	   Rossi,	   1995;	   Boorman,	   2003).	  Moreover,	   vegetation	   cover	   influences	  
trapping	   and	   deposition	   of	  mineral	   sediment	   and	   allochthonous	   organic	  matter	   from	  
tides	  (Stumpf,	  1983;	  Stevenson	  et	  al.,	  1988;	  Li	  and	  Yang,	  2009;	  Mudd	  et	  al.,	  2011)	  and	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halophytic	  organic	  matter	  in	  salt	  marshes	  are	  subject	  to	  processes	  such	  as	  consumption,	  
decomposition,	   or	   flooding	   that	   can	   rapidly	   distribute	   organic	   material	   to	   different	  
compartments	  of	   the	  marsh	   system	   (Bouchard	  et	   al.,	   1998).	   	   All	   of	   these	   factors	  may	  
lead	  to	  what	  appears	  to	  be	  noisiness	  in	  the	  δ13C	  and	  C/N	  dataset,	  and	  should	  be	  further	  
examined.	  
In	   addition,	   seasonal	   variations	   may	   exist	   in	   the	   composition	   of	   allochthonous	  
particulate	  organic	  matter	  delivered	  to	  marshes,	  as	  well	  as	  interannual	  variation	  in	  plant	  
chemistry	   itself	   and	   accumulation	   of	   plant	   detritus	   (Cloern	   et	   al.,	   2002;	   Allen	   et	   al.,	  
2007).	   Algal	   mat	   production	   on	   the	   marsh	   surface	   may	   also	   vary	   seasonally	   (Zedler,	  
1980;	   Lewitus	   et	   al.,	   1998),	  which	   can	   contribute	   to	  observed	   variability	   in	   δ13C,	   TOC,	  
and	  C/N	  values.	  
Although	  post-­‐depositional	  change	  did	  not	  limit	  paleoenvironment	  interpretations	  in	  
Chapters	  Four	  or	  Five,	  previous	  studies	  have	  identified	  diagenetic	  effects	  as	  problematic	  
to	  this	  technique	  (Wilson	  et	  al.,	  2005a;	  Kemp	  et	  al.,	  2010;	  2012b).	  To	  gain	  better	  
understanding	  of	  the	  pathways	  of	  carbon	  and	  nitrogen	  from	  plants/living	  organisms	  to	  
buried	  sediments	  and	  the	  effect	  of	  these	  transformations	  on	  δ13C	  and	  C/N	  values,	  more	  
advanced	  organic	  geochemical	  techniques	  may	  be	  employed.	  Advancement	  in	  other	  
bulk	  organic	  geochemical	  analyses	  such	  as	  Rock-­‐Eval	  pyrolysis	  may	  facilitate	  the	  
distinction	  between	  labile	  and	  residual	  organic	  matter	  (Carrie	  et	  al.,	  2012;	  Leng	  et	  al.,	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2013).	  In	  addition,	  molecular	  level	  analytical	  techniques	  may	  provide	  insight	  into	  organic	  
matter	  transformations	  or	  enable	  use	  of	  organic	  compounds	  that	  are	  minimally	  affected	  
by	  decomposition	  processes	  (e.g.,	  lignin,	  tannins,	  suberins)	  (Vane	  et	  al.,	  2003;	  2006;	  
2013a;	  Beramendi-­‐Orasco	  et	  al.	  2006).	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APPENDIX  
A1. Description of each vegetation sample and its δ13C, TOC, and C/N from Puerto Rico (Chapter 
4). Starred (*) samples were measured by Vane et al. (2013) and the error is the standard 
deviation of three separately pre-treated samples 
Species Site Part/organ δ13C  TOC (%) TN (%) C/N 
Marine             
  Algal Sp. JB Whole -17.4 34.9 3.4 10.2 
  Algae (Sargassum 
sp.) CP Whole -18.9 39.9 1.2 32.2 
  Sponge CP Whole -16.3 40.4 7.4 5.5 
  Thalassia 
testudinum 
JB Leaves and roots -11.1 41.2 2.2 19.0 
  
BC 
Leaf (Washed to 
shore) -10.5 42.8 2.3 18.4 
  Unknown 
seagrass CP 
Whole (Washed into 
shore) -9.0 41.4 2.0 21.1 
       
Fringe Rhizophora             
  Rhizophora 
mangle JB 
Decayed branch (just 
died) -25.2 45.2 0.2 203.8 
  JB Fresh branch -26.2 46.0 0.4 106.2 
  BC Fresh propagules -25.7 45.7 0.6 73.0 
  BC *Stem (Sprouted propagule) -28.5 ± 0.1 40.2 ± 0.3 0.5 ± 0.1 82.3 ± 6.9 
  BC Leaves -29.9 45.9 1.2 38.8 
  CP *Leaves -29.8 ± 1.9 41.3 ± 2.8 0.9 ± 0.3 52.4 ± 8.8 
  BC Leaves -32.2 41.7 2.1 20.1 
  BC Prop and fine roots -24.6 41.1 0.6 64.7 
  BC Prop roots -24.5 48.8 1.0 48.6 
                
Avicennia             
  Avicennia 
germinans 
JB **Decayed branch -24.6 44.1 0.1 441.1 
  BC Bark -28.7 51.3 0.3 195.1 
  JB *Stem (fresh branch) -26.7 ± 0.2 46.0 ± 1.3 0.4 ± 0.1 114.5 ± 11.2 
  BC *Leaves -28.5 ± 0.1 40.4 ± 0.1 1.8 ± 0.2 23.1 ± 2.7 
  CP Leaves -28.4 44.8 1.4 31.2 
  BC *Pneumatophores -26.6 ± 0.1 38.8 ± 0.6 0.7 ± 0.2 53.6 ± 9.3 
  CP Pneumatophores -26.9 41.8 0.7 61.8 
                
  Batis maritima CP Leaves & stem -27.4 34.7 1.2 28.4 
                
  Pond floc 
(Bacterial mat) 
JB - -19.3 28.6 3.4 8.4 
                
Riverine mixed             
  Laguncularia 
racemosa 
BC **Bark -26.1 48.4 0.1 483.6 
  JB Decayed branch -24.1 44.2 0.3 150.8 
  JB Fresh branch -25.6 44.1 0.5 95.6 
  BC *Leaves -27.9 ± 0.1 36.5 ± 0.9 1.2 ± 0.1 30.0 ± 2.0 
  CP Leaves -31.7 42.7 0.9 46.7 
  BC *Pneumatophores -24.2 ± 0.1 46.7 ± 1.0 0.5 ± 0.1 90.7 ± 17.2 
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Appendix A1. (cont.)	  
 
 
 
 
 
 
 
 
 
 
 
Species Site Part/organ δ13C  TOC (%) TN (%) C/N 
Riverine mixed       
  Laguncularia 
racemosa CP Pneumatophores -28.5 43.4 0.5 96.5 
  CP Pneumatophores -25.4 43.4 0.5 89.1 
Disturbance patch             
  Batis maritima JB *Leaves & stem -29.1 ± 0.1 36.5 ± 0.9 1.2 ± 0.1 30.0 ± 2.0 
  BC Leaves & stem -29.7 35.3 1.3 27.8 
  Sesuvium 
portulacastrum JB *Leaves & stem -26.1 ± 0.1 33.2 ± 0.4 1.4 ± 0.1 23.6 ± 0.8 
Brackish transition             
  Acrostichum 
aureum PDM Twigs' -30.8 46.4 0.3 162.9 
                
  Avicennia 
germinans 
PDM Leaves (live) -31.6 42.1 1.1 39 
  PDM Roots -27.4 48.0 1.1 45.3 
                
  Laguncularia 
racemosa PDM Leaves -28.8 45.5 1.6 27.9 
                
  Vine PDM Live leaves -32.2 46.5 1.5 31.0 
  PDM Twig -29.2 48.2 0.4 121.6 
                
Freshwater swamp             
  Acrostichum 
aureum 
PCS ? -26.2 47.2 1.1 43.9 
  CP Stem / leaf -26.4 45.8 1.3 34.0 
                
  Pterocarpus 
officinalis 
PCS Leaves -31.5 47 3.3 14.5 
  PCS Wood -28.1 44 1.5 29.3 
  PCS Bark from stem -27.5 50.2 1.2 40.5 
                
  Typha 
domingensis CP Stem / leaf -28.6 47.6 1.9 25.7 !
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A2. δ13C, TOC, C/N, foraminifera and thecamoebians composition of the modern Puerto Rico 
samples (Chapter 4). 
 
 
 
Station Elevation (m MTL) δ
13C TOC C/N Agglutinated (%) 
Calcareous 
(%) 
Thecamoebians 
(%) 
BC1.1 -0.13 -17.2 4.3 8.9 0.0 100.0 0.0 
BC1.2 -0.08 -16.1 4.0 8.0 0.9 100.0 0.0 
BC1.3 -0.05 -16.9 5.4 8.9 0.4 100.0 0.0 
BC1.18 0.56 -24.6 5.9 12.1 0.0 100.0 0.0 
BC1.19 0.54 -24.4 5.1 11.9 0.0 100.0 0.0 
BC1.20 0.46 -25.5 9.0 10.7 2.3 97.7 0.0 
BC1.21 0.33 -25.2 9.1 13.9 1.1 98.9 0.0 
BC1.22 0.30 -24.6 8.8 13.0 0.7 99.3 0.0 
BC2.22 0.27 -24.5 13.9 15.3 0.0 100.0 0.0 
BC2.21 0.26 -24.8 15.1 16.5 0.0 100.0 0.0 
BC2.20 0.23 -25.2 23.9 20.2 0.0 100.0 0.0 
BC2.19 0.23 -25.6 23.0 22.5 1.0 99.0 0.0 
BC2.17 0.21 -25.9 31.6 26.1 2.9 97.1 0.0 
BC2.16 0.22 -26.8 38.7 30.2 4.7 95.3 0.0 
BC2.15 0.24 -26.1 36.5 25.4 26.2 73.8 0.0 
BC2.14 0.17 -26.5 38.4 24.0 78.3 21.7 0.0 
BC2.13 0.16 -26.5 40.5 27.9 100.0 0.0 0.0 
BC2.12 0.14 -26.6 41.7 26.6 100.0 0.0 0.0 
BC2.11 0.13 -26.9 43.5 27.8 98.1 1.9 0.0 
BC2.10 0.12 -27.1 41.8 26.6 100.0 0.0 0.0 
BC2.9 0.11 -27.1 43.4 29.7 97.1 2.9 0.0 
BC2.8 0.09 -27.0 43.7 29.1 99.1 0.9 0.0 
BC2.7 0.07 -27.2 43.7 28.3 85.9 14.1 0.0 
BC2.6 0.06 -27.3 43.1 27.4 100.0 0.0 0.0 
BC2.5 0.03 -27.4 44.6 27.1 100.0 0.0 0.0 
BC2.4 0.01 -27.4 43.5 25.1 99.1 0.9 0.0 
BC2.3 0.00 -27.7 41.5 25.1 88.5 11.5 0.0 
BC2.2 -0.03 -27.8 45.9 30.5 99.1 0.9 0.0 
BC2.1 -0.06 -26.4 47.9 34.5 92.7 7.3 0.0 
PDM.1 0.42 -28.1 36.0 24.1 13.3 86.7 0.0 
PDM.2 0.41 -27.4 29.2 17.1 27.2 72.8 0.0 
PDM.3 0.50 -29.0 49.4 26.7 100.0 0.0 0.0 
PDM.4 0.44 -29.2 48.9 28.5 11.0 0.0 89.0 
PDM.5 0.46 -28.9 50.3 21.8 35.1 0.0 64.9 
PDM.6 0.53 -29.1 49.7 25.0 25.2 0.0 74.8 
PDM.7 0.53 -28.6 49.8 27.3 20.8 0.0 79.2 
PDM.8 0.59 -28.8 48.5 26.4 38.8 0.0 61.2 !
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Appendix A2 (cont). 
 
 
 
 
 
 
 
 
 
 
 
 
Station Elevation (m MTL) δ
13C TOC C/N Agglutinated (%) 
Calcareous 
(%) 
Thecamoebians 
(%) 
PCS.1 0.36 -26.9 42.1 26.1 0.0 0.0 100.0 
PCS.2 0.63 -28.7 44.9 18.4 0.0 0.0 100.0 
PCS.3 0.73 -27.5 49.1 18.1 0.0 0.0 100.0 
PCS.4 0.60 -28.7 44.2 16.3 0.0 0.0 100.0 
PCS.5 0.77 -28.4 34.9 15.8 0.0 0.0 100.0 
PCS.6 0.70 -28.5 37.0 15.3 0.0 0.0 100.0 
PCS.7 0.71 -28.2 40.6 17.7 0.0 0.0 100.0 
PCS.1 0.36 -26.9 42.1 26.1 0.0 0.0 100.0 
PCS.8 0.67 -28.8 45.5 17.7 0.0 0.0 100.0 
PCS.9 0.72 -28.3 45.8 16.5 0.0 0.0 100.0 
PCS.10 0.66 -28.2 49.0 20.9 20.9 0.0 79.1 
PCS.11 0.48 -28.9 46.6 21.1 30.7 0.0 69.3 
PCS.12 0.66 -28.5 48.6 17.7 0.0 0.0 100.0 
PCS.13 0.34 -29.4 39.4 17.0 73.2 0.0 26.8 
PCS.14 0.31 -29.9 46.0 18.1 0.0 0.0 100.0 
PCS.15 0.25 -30.0 50.1 24.4    
PCS.16 0.24 -28.3 25.3 16.5 57.1 0.0 42.9 
PCS.17 0.24 -28.4 23.7 20.6 71.2 0.0 28.8 
PCS.18 0.05 -28.2 22.4 21.6    
PCS.19 0.02 -27.3 19.7 19.5 76.5 0.0 23.5 
PCS.20 -0.02 -29.3 34.5 20.1    !
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A3. UK vegetation and particulate organic matter (POM) δ13C and C/N from Chapter 5 (1), Lamb 
et al. (2007) (2), Andrews (2008) (3), Wilson et al. (2005a,b) and Bristow et al. (2013) 
Type Vegetation Material Site δ13C Corg/Ntotal 
Aquatic Brown algae Whole Thames1 -32.1 6.3 
Aquatic Green algae Whole Humber2 -12.1 6.7 
Aquatic Green algae Whole Humber2 -17.6 8.8 
Aquatic Green algae Whole Humber2 -12.7 9.6 
Aquatic Enteromorpha intestinalis Whole Humber2 -12.0 17.1 
Aquatic Fucus vesiculosis Whole Thames1 -20.3 14.6 
C3 Marsh Agrostis stolonifera Seed pod Thames1 -28.3 29.6 
C3 Marsh Agrostis stolonifera Stem Thames1 -26.6 122.4 
C3 Marsh Aster tripolium Leaf Kent/East 
Sussex3 
-26.9 23.8 
C3 Marsh Aster tripolium Root H mber2 -26.1 30.0 
C3 Marsh Aster tripolium Root Humber2 -25.7 30.9 
C3 Marsh Aster tripolium Root Humber2 -28.0 38.7 
C3 Marsh Aster tripolium Root Humber2 -28.2 39.2 
C3 Marsh Aster tripolium Root Humber2 -28.4 39.2 
C3 Marsh Aster tripolium Root Humber2 -27.0 49.7 
C3 Marsh Aster tripolium Root Humber2 -25.4 51.7 
C3 Marsh Aster tripolium Stem Kent/East 
Sussex3 
-25.5 113.3 
C3 Marsh Aster tripolium Stem/leaf H mber2 -26.7 13.5 
C3 Marsh Aster tripolium Stem/leaf Humber2 -26.0 15.0 
C3 Marsh Aster tripolium Stem/leaf Humber2 -25.6 16.8 
C3 Marsh Aster tripolium Stem/leaf Humber2 -27.0 20.0 
C3 Marsh Aster tripolium Stem/leaf Humber2 -27.4 21.0 
C3 Marsh Aster tripolium Stem/leaf Humber2 -26.3 24.0 
C3 Marsh Aster tripolium Stem/leaf Humber2 -27.8 25.5 
C3 Marsh Aster tripolium Whole plant Thames1 -27.9 14.8 
C3 Marsh Aster tripolium basal 
leaves 
Basal 
leaves 
Kent/East 
Sussex3 
-27.0 21.8 
C3 Marsh Aster tripolium basal 
leaves 
B sal 
leaves 
Kent/East 
Sussex3 
-32.3 56.0 
C3 Marsh Atripl x hastata Whole plant Mer y4 -26.7 13.4 
C3 Marsh Atriplex hastata Whole plant Mersey4 -26.9 13.8 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.0 14.5 
C3 Marsh Atriplex hastata Whole plant Mersey4 -26.8 15.1 
C3 Marsh Atriplex hastata Whole plant Mersey4 -26.3 15.4 
C3 Marsh Atriplex hastata Whole plant Mersey4 -26.7 15.6 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.2 15.7 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.0 16.1 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.3 16.7 
C3 Marsh Atriplex hastata Whole plant Mersey4 -26.4 17.4 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.1 17.6 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.9 18.1 
C3 Marsh Atriplex hastata Whole plant Mersey4 -28.4 21.4 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.1 21.9 
C3 Marsh Atriplex hastata Whole plant Mersey4 -27.2 22.5 
C3 Marsh Borrichia fructescens Roots Thames1 -27.5 55.7 
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Appendix A3 (cont.) 
Type Vegetation Material Site δ13C Corg/Ntotal 
C3 Marsh Borrichia fructescens Stem/leaf Thames1 -25.5 61.9 
C3 Marsh Cochlearia anglica Root Humber2 -25.7 19.7 
C3 Marsh Cochlearia anglica Root Humber2 -27.0 31.8 
C3 Marsh Cochlearia anglica Stem/leaf Humber2 -25.1 24.5 
C3 Marsh Cochlearia anglica Stem/leaf Humber2 -26.1 25.2 
C3 Marsh Cochlearia officinalis Root Humber2 -25.7 15.5 
C3 Marsh Cochlearia officinalis Root Humber2 -27.1 20.0 
C3 Marsh Cochlearia officinalis Root Humber2 -27.2 24.1 
C3 Marsh Cochlearia officinalis Stem/leaf Humber2 -26.3 14.4 
C3 Marsh Cochlearia officinalis Stem/leaf Humber2 -27.1 22.6 
C3 Marsh Cochlearia officinalis Stem/leaf Humber2 -25.3 26.6 
C3 Marsh Cochleria anglica Seed pod Thames1 -24.4 21.2 
C3 Marsh Cochleria anglica Stem Thames1 -26.5 55.9 
C3 Marsh Cochleria spp. Stem/leaf Thames1 -24.8 22.6 
C3 Marsh Cochleria spp. Stem/leaf Thames1 -25.5 25.1 
C3 Marsh Elymus atherica Whole plant Mersey4 -27.3 22.3 
C3 Marsh Elymus atherica Whole plant Mersey4 -27.7 22.7 
C3 Marsh Elymus atherica Whole plant Mersey4 -28.4 67.1 
C3 Marsh Elymus repens Root Humber2 -26.2 47.5 
C3 Marsh Elymus repens Roots Thames1 -25.4 34.9 
C3 Marsh Elymus repens Stem/leaf Thames1 -25.5 35.8 
C3 Marsh Elymus repens Stem/leaf Humber2 -26.5 62.2 
C3 Marsh Festuca rubra Roots Thames1 -24.1 65.9 
C3 Marsh Festuca rubra Stem/leaf Thames1 -24.2 46.5 
C3 Marsh Festuca rubra Stem/leaf Kent/East 
Sussex3 
-25.8 44.9 
C3 Marsh Festuca rubra Stem/leaf Kent/East 
Sussex3 
-25.5 39.1 
C3 Marsh Festuca rubra Stem/leaf Kent/East 
Sussex3 
-24.6 17.2 
C3 Marsh Festuca rubra Stem/leaf Kent/East 
Sussex3 
-24.4 15.8 
C3 Marsh Festuca rubra Whole plant Mer y4 -26.7 27.6 
C3 Marsh Festuca rubra Whole plant Mersey4 -26.4 31.3 
C3 Marsh Festuca rubra Whole plant Mersey4 -26.8 34.6 
C3 Marsh Halimione portulacoides Leaf Thames1 -28.6 15.5 
C3 Marsh Halimione portulacoides Root Humber2 -25.5 19.9 
C3 Marsh Halimione portulacoides Root Humber2 -27.0 44.7 
C3 Marsh Halimione portulacoides Root Humber2 -26.9 48.9 
C3 Marsh Halimione portulacoides Root Humber2 -28.4 55.4 
C3 Marsh Halimione portulacoides Root Humber2 -27.9 55.8 
C3 Marsh Halimione portulacoides Root Humber2 -27.3 59.0 
C3 Marsh Halimione portulacoides Root Humber2 -26.8 60.0 
C3 Marsh Halimione portulacoides Root Humber2 -27.5 70.6 
C3 Marsh Halimione portulacoides Root Humber2 -27.3 75.6 
C3 Marsh Halimione portulacoides Root Humber2 -26.7 118.5 
C3 Marsh Halimione portulacoides Roots Thames1 -26.0 37.4 
C3 Marsh Halimione portulacoides Stem Thames1 -27.8 49.0 
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Appendix A3 (cont.) 
Type Vegetation Material Site δ13C Corg/Ntotal 
C3 Marsh Halimione portulacoides Stem/leaf Kent/East 
Sussex3 
-26.2 24.1 
C3 Marsh Halimione portulacoides Stem/leaf H mber2 -26.5 9.7 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -27.4 21.0 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -28.4 33.7 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -26.3 39.6 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -26.8 43.2 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -27.0 44.9 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -29.0 46.0 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -26.4 48.4 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -28.3 53.9 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -28.0 58.6 
C3 Marsh Halimione portulacoides Stem/leaf Humber2 -27.2 79.8 
C3 Marsh Limonium vulgare Leaf Kent/East 
Sussex3 
-26.0 17.0 
C3 Marsh Limonium vulgare Stem Kent/East 
Sussex3 
-27.0 46.2 
C3 Marsh Phragmites australis Leaf Kent/East 
Sussex3 
-30.7 13.7 
C3 Marsh Phragmites australis  Roots Tham s1 -24.6 61.7 
C3 Marsh Phragmites australis Stem/leaf Thames1 -24.8 31.5 
C3 Marsh Puccinellia maritima Roots Thames1 -27.3 27.7 
C3 Marsh Puccinellia maritima Stem/leaf Thames1 -25.5 29.3 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -28.4 16.9 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.3 29.4 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -28.3 30.1 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.4 31.2 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -28.0 32.1 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.3 32.3 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -28.7 33.0 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.9 33.2 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.1 33.2 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -26.8 34.6 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.0 36.4 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -28.2 36.6 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.6 38.0 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -27.4 40.0 
C3 Marsh Puccinellia maritima Whole plant Mersey4 -26.6 44.2 
C3 Marsh Salicornia europaea Root Humber2 -29.2 25.5 
C3 Marsh Salicornia europaea Stem/leaf Humber2 -28.2 13.3 
C3 Marsh Salicornia europaea Whole plant Kent/East 
Sussex3 
-30.0 17.3 
C3 Marsh Salicornia fragilis Whole plant Kent/East 
Sussex3 
-26.5 20.7 
C3 Marsh Salicornia fragilis Whole plant Kent/East 
Sussex3 
-27.3 15.5 
C3 Marsh Salicornia ramossisima Whole plant Kent/East 
Sussex3 
-25.3 18.2 
C3 Marsh Salicornia ramossisima Whole plant Kent/East 
Sussex3 
-28.1 19.3 
C3 Marsh Scirpus maritimus Roots Tham s1 -24.4 40.3 
C3 Marsh Scirpus maritimus Stem/leaf Thames1 -24.5 33.3 
C3 Marsh Seriphidium maritimum Leaf Kent/East 
Sussex3 
-24.7 23.6 
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Appendix A3 (cont.) 
Type Vegetation Material Site δ13C Corg/Ntotal 
C3 Marsh Seriphidium maritimum Leaf Kent/East 
Sussex3 
-26.1 21.8 
C3 Marsh Seriphidium maritimum Leaf Kent/East 
Sussex3 
-25.8 16.8 
C3 Marsh Seriphidium maritimum Stem Kent/East 
Sussex3 
-27.1 61.8 
C3 Marsh Spergularia media Root H mber2 -26.6 43.0 
C3 Marsh Spergularia media Stem/leaf Humber2 -26.0 31.1 
C3 Marsh Spergularia spp. Roots Thames1 -27.8 79.8 
C3 Marsh Spergularia spp. Stem/leaf Thames1 -26.6 68.2 
C3 Marsh Suaeda verna Leaf Kent/East 
Sussex3 
-27.6 33.7 
C3 Marsh Sueada maritima Whole Tham s1 -28.0 12.9 
C3 Marsh Triglochin maritima Root Humber2 -24.9 17.2 
C3 Marsh Triglochin maritima Stem/leaf Humber2 -25.4 15.7 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -32.0 11.0 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -30.5 18.0 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -31.6 15.5 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -31.0 12.8 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -32.4 16.4 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -32.4 16.0 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -31.8 17.8 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -32.7 15.7 
C3 Fresh Leaf Betula pubescens Leaf Kent/East 
Sussex3 
-29.1 20.4 
C3 Fresh Leaf Dryopteris dilatata Leaf Norfolk3 -30.1 18.8 
C3 Fresh Leaf Dryopteris dilatata Leaf Norfolk3 -29.4 17.3 
C3 Fresh Leaf Dryopteris dilatata Leaf Norfolk3 -30.0 16.0 
C3 Fresh Leaf Rubus fruticosus Leaf Norfolk3 -29.7 18.1 
C3 Fresh Leaf Rubus fruticosus Leaf Norfolk3 -31.8 14.4 
C3 Fresh Leaf Rubus fruticosus Leaf Norfolk3 -33.1 15.8 
C3 Fresh Leaf Rubus fruticosus Leaf Norfolk3 -33.5 17.2 
C3 Fresh Leaf Salix alba Leaf Norfolk3 -29.2 17.3 
C3 Fresh Leaf Salix cinerea Leaf Norfolk3 -31.5 20.3 
C3 Fresh Leaf Salix cinerea Leaf Norfolk3 -31.5 20.4 
C3 Fresh Leaf Salix cinerea Leaf Norfolk3 -32.3 20.8 
C3 Fresh Leaf Salix fragilis Leaf Norfolk3 -31.3 19.3 
C3 Fresh Leaf Salix fragilis Leaf Norfolk3 -31.0 19.9 
C3 Fresh Leaf Salix fragilis Leaf Norfolk3 -29.2 20.1 
C3 Fresh Leaf Urtica dioica Leaf Norfolk3 -32.0 11.3 
C3 Fresh Leaf Urtica dioica Leaf Norfolk3 -31.9 9.7 
C3 Fresh Leaf Urtica dioica Leaf Norfolk3 -30.7 10.7 
C3 Fresh Leaf Urtica dioica Leaf Norfolk3 -31.9 9.9 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -32.1 14.7 
C3 Fresh Leaf Alnus glutinosa Leaf Norfolk3 -33.4 14.5 
C3 Fresh Leaf Eupatorium cannabinium Leaf Norfolk3 -32.0 14.1 
C3 Fresh Leaf Rubus fruticosus Leaf Norfolk3 -35.3 20.8 
C3 Fresh Leaf Salix cinerea Leaf Norfolk3 -29.9 21.0 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -28.8 52.4 
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Appendix A3 (cont.) 
Type Vegetation Material Site δ13C Corg/Ntotal 
C3 Fresh 
Wood 
Alnus glutinosa Root Norfolk3 -29.2 47.7 
C3 Fresh 
Wood 
Alnus glutinosa Root Norfolk3 -31.1 47.0 
C3 Fresh 
Wood 
Alnus glutinosa Root Norfolk3 -29.6 52.3 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -33.2 53.8 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -30.7 60.0 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -31.5 56.7 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -30.8 48.5 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -32.9 59.3 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -30.2 47.1 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -31.7 61.8 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -31.0 53.4 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -29.0 46.8 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -30.0 68.1 
C3 Fresh 
Wood 
Betula pubescens Root Kent/East 
Sussex3 
-28.9 54.8 
C3 Fresh 
Wood 
Betula pubescens Twig Kent/East 
Sussex3 
-30.6 91.4 
C3 Fresh 
Wood 
Dryopteris dilatata Stem Norfolk3 -29.7 64.2 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -31.3 35.5 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -26.6 63.7 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -32.2 52.9 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -32.4 72.3 
C3 Fresh 
Wood 
Salix alba Twig Norfolk3 -29.2 46.7 
C3 Fresh 
Wood 
Salix cinerea Root Norfolk3 -28.7 77.4 
C3 Fresh 
Wood 
Salix cinerea Root Norfolk3 -29.1 41.2 
C3 Fresh 
Wood 
Salix cinerea Twig Norfolk3 -29.7 79.5 
C3 Fresh 
Wood 
Salix cinerea Twig Norfolk3 -27.9 76.9 
C3 Fresh 
Wood 
Salix cinerea Twig Norfolk3 -30.9 78.5 
C3 Fresh 
Wood 
Salix fragilis Root Norfolk3 -28.3 88.9 
C3 Fresh 
Wood 
Salix fragilis Twig Norfolk3 -31.0 61.4 
C3 Fresh 
Wood 
Salix fragilis Twig Norfolk3 -28.7 50.0 
C3 Fresh 
Wood 
Salix fragilis Twig Norfolk3 -28.6 64.0 
C3 Fresh 
Wood 
Urtica dioica Stem Norfolk3 -31.3 41.1 
C3 Fresh 
Wood 
Urtica dioica Stem Norfolk3 -32.0 26.8 
C3 Fresh 
Wood 
Urtica dioica Stem Norfolk3 -30.8 31.8 
C3 Fresh 
Wood 
Alnus glutinosa Root Norfolk3 -30.4 66.5 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -29.9 63.1 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -33.9 51.1 
C3 Fresh 
Wood 
Alnus glutinosa Twig Norfolk3 -33.3 48.1 
C3 Fresh 
Wood 
Rubus fruticosus Stem Norfolk3 -33.9 66.5 
C3 Fresh 
Wood 
Salix cinerea Twig Norfolk3 -30.0 64.6 
C4 Marsh Spartina anglica Leaf Thames1 -13.1 31.2 
C4 Marsh Spartina anglica Root Humber2 -12.4 18.5 
C4 Marsh Spartina anglica Root Humber2 -15.6 19.7 
C4 Marsh Spartina anglica Root Humber2 -14.7 20.7 
C4 Marsh Spartina anglica Root Humber2 -12.6 30.6 
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Appendix A3 (cont.) 
Type Vegetation Material Site δ13C Corg/Ntotal 
C4 Marsh Spartina anglica Root Humber2 -13.4 34.1 
C4 Marsh Spartina anglica Root Humber2 -13.8 35.0 
C4 Marsh Spartina anglica Root Humber2 -12.9 41.1 
C4 Marsh Spartina anglica Stem Thames1 -13.2 20.5 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.2 15.0 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.4 16.6 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.8 23.5 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.3 24.6 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.4 26.9 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.3 32.3 
C4 Marsh Spartina anglica Stem/leaf Humber2 -13.5 35.1 
C4 Marsh Spartina townsendii Root Humber2 -12.9 23.0 
C4 Marsh Spartina townsendii Root Humber2 -14.8 37.3 
C4 Marsh Spartina townsendii Stem/leaf Humber2 -13.4 26.6 
C4 Marsh Spartina townsendii Stem/leaf Humber2 -13.5 35.8 
POM 
  
Thames5 -30.0 5.8 
POM 
  
Thames5 -21.5 8.0 
POM 
  
Thames5 -19.7 9.0 
POM 
  
Thames5 -19.5 10.0 
POM 
  
Thames5 -18.6 10.8 
POM 
  
Thames5 -18.5 11.2 
POM 
  
Thames5 -19.0 10.8 
POM 
  
Thames5 -18.8 9.9 
POM 
  
Thames5 -15.4 10.9 
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A4. Regional temperate database of bulk sediment δ13C, TOC, C/N from Chapter 5 (Thames and 
Norfolk, UK), Andrews (2008) (Kent, East Sussex and Norfolk, UK) Wilson et al. (2005a,b) 
(Humber Estuary, UK), Lamb et al., (Mersey Estuary, UK), Milker et al. (in prep) (Bandon, OR), 
Engelhart et al. (2013b) (Siletz, OR), Kemp et al. (2010) (North Carolina), and Kemp et al. 
(2012b) (New Jersey)  
Region Location δ13C TOC C/N Environment 
Pacific NW Bandon, OR -20.7 0.4 8.4 Tidal flat/Low marsh 
Pacific NW Bandon, OR -21.6 0.6 8.3 Tidal flat/Low marsh 
Pacific NW Bandon, OR -20.7 0.5 7.7 Tidal flat/Low marsh 
Pacific NW Bandon, OR -23.8 5.0 10.4 Tidal flat/Low marsh 
Pacific NW Bandon, OR -28.3 38.9 21.7 Mid/high marsh 
Pacific NW Bandon, OR -22.9 23.4 17.0 Mid/high marsh 
Pacific NW Bandon, OR -24.4 14.2 15.5 Mid/high marsh 
Pacific NW Bandon, OR -22.6 14.8 14.7 Mid/high marsh 
Pacific NW Bandon, OR -27.1 26.9 15.2 Mid/high marsh 
Pacific NW Bandon, OR -29.8 40.1 18.6 Upland 
Pacific NW Bandon, OR -21.1 0.5 8.3 Tidal flat/Low marsh 
Pacific NW Bandon, OR -21.3 0.9 8.9 Tidal flat/Low marsh 
Pacific NW Bandon, OR -20.6 0.6 8.0 Tidal flat/Low marsh 
Pacific NW Bandon, OR -23.6 5.0 11.0 Tidal flat/Low marsh 
Pacific NW Bandon, OR -28.0 38.5 22.7 Mid/high marsh 
Pacific NW Bandon, OR -25.1 19.3 17.1 Mid/high marsh 
Pacific NW Bandon, OR -23.9 17.6 14.4 Mid/high marsh 
Pacific NW Bandon, OR -24.3 12.4 12.9 Mid/high marsh 
Pacific NW Bandon, OR -28.1 30.7 21.1 Mid/high marsh 
Pacific NW Bandon, OR -29.1 40.8 18.0 Upland 
Pacific NW Bandon, OR -21.5 0.5 8.2 Tidal flat/Low marsh 
Pacific NW Bandon, OR -22.5 0.8 9.0 Tidal flat/Low marsh 
Pacific NW Bandon, OR -21.3 0.4 7.7 Tidal flat/Low marsh 
Pacific NW Bandon, OR -24.3 3.7 12.6 Tidal flat/Low marsh 
Pacific NW Bandon, OR -27.7 36.2 19.6 Mid/high marsh 
Pacific NW Bandon, OR -24.1 6.5 15.4 Mid/high marsh 
Pacific NW Bandon, OR -26.0 13.4 14.5 Mid/high marsh 
Pacific NW Bandon, OR -23.5 14.6 14.3 Mid/high marsh 
Pacific NW Bandon, OR -28.0 28.7 16.5 Mid/high marsh 
Pacific NW Bandon, OR -27.8 42.5 19.4 Upland 
Pacific NW Siletz, OR -23.6 1.0 9.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.5 1.0 9.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.2 1.2 9.4 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.8 0.9 9.8 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.2 1.2 9.9 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.4 1.4 9.0 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.1 1.0 9.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.4 2.0 10.1 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.0 0.8 8.8 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.1 0.9 8.7 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.6 0.7 8.5 Tidal flat/Low marsh 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
Pacific NW Siletz, OR -24.7 1.7 10.6 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.1 2.0 8.7 Tidal flat/Low marsh 
Pacific NW Siletz, OR -25.0 1.8 9.8 Tidal flat/Low marsh 
Pacific NW Siletz, OR -25.1 1.9 10.5 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.8 2.3 8.4 Tidal flat/Low marsh 
Pacific NW Siletz, OR -22.2 2.1 9.6 Tidal flat/Low marsh 
Pacific NW Siletz, OR -25.4 1.4 10.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.4 2.9 10.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.8 2.6 10.6 Tidal flat/Low marsh 
Pacific NW Siletz, OR -25.2 2.1 11.0 Tidal flat/Low marsh 
Pacific NW Siletz, OR -22.3 2.2 7.9 Tidal flat/Low marsh 
Pacific NW Siletz, OR -25.2 1.9 11.6 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.5 0.3 7.1 Tidal flat/Low marsh 
Pacific NW Siletz, OR -21.2 0.5 8.1 Tidal flat/Low marsh 
Pacific NW Siletz, OR -21.1 1.5 8.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -26.7 2.1 11.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.5 4.8 10.9 Tidal flat/Low marsh 
Pacific NW Siletz, OR -26.6 4.2 10.6 Tidal flat/Low marsh 
Pacific NW Siletz, OR -21.3 4.8 11.4 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.2 0.7 1.7 Tidal flat/Low marsh 
Pacific NW Siletz, OR -24.6 5.8 10.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -27.2 1.9 14.7 Tidal flat/Low marsh 
Pacific NW Siletz, OR -21.8 3.6 16.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -22.8 3.9 17.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -21.7 7.1 11.3 Tidal flat/Low marsh 
Pacific NW Siletz, OR -23.6 5.5 14.9 Tidal flat/Low marsh 
Pacific NW Siletz, OR -28.1 4.4 13.7 Tidal flat/Low marsh 
Pacific NW Siletz, OR -27.5 5.4 13.2 Tidal flat/Low marsh 
Pacific NW Siletz, OR -26.9 5.6 14.0 Tidal flat/Low marsh 
Pacific NW Siletz, OR -27.7 14.2 13.0 Mid/high marsh 
Pacific NW Siletz, OR -27.0 14.4 12.4 Mid/high marsh 
Pacific NW Siletz, OR -29.6 13.4 14.1 Mid/high marsh 
Pacific NW Siletz, OR -26.2 12.4 13.7 Mid/high marsh 
Pacific NW Siletz, OR -26.7 11.6 13.4 Mid/high marsh 
Pacific NW Siletz, OR -26.4 16.5 15.7 Mid/high marsh 
Pacific NW Siletz, OR -25.7 12.2 13.7 Mid/high marsh 
Pacific NW Siletz, OR -27.2 11.2 13.2 Mid/high marsh 
Pacific NW Siletz, OR -29.6 16.6 15.1 Mid/high marsh 
Pacific NW Siletz, OR -29.5 17.2 14.3 Mid/high marsh 
Pacific NW Siletz, OR -24.8 15.8 16.6 Mid/high marsh 
Pacific NW Siletz, OR -29.1 12.2 11.4 Mid/high marsh 
Pacific NW Siletz, OR -28.4 18.6 12.9 Mid/high marsh 
Pacific NW Siletz, OR -27.3 19.2 15.2 Mid/high marsh 
Pacific NW Siletz, OR -25.9 9.9 11.6 Mid/high marsh 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
Pacific NW Siletz, OR -25.3 9.7 12.5 Mid/high marsh 
Pacific NW Siletz, OR -26.8 9.1 12.1 Mid/high marsh 
Pacific NW Siletz, OR -27.1 8.4 11.8 Mid/high marsh 
Pacific NW Siletz, OR -28.0 6.4 14.8 Mid/high marsh 
Pacific NW Siletz, OR -28.1 6.3 14.0 Mid/high marsh 
Pacific NW Siletz, OR -28.1 5.7 15.3 Mid/high marsh 
Pacific NW Siletz, OR -29.6 31.0 20.7 Highest high marsh 
Pacific NW Siletz, OR -28.5 29.9 19.2 Highest high marsh 
Pacific NW Siletz, OR -29.1 29.6 21.9 Highest high marsh 
Pacific NW Siletz, OR -29.0 28.8 16.9 Highest high marsh 
Pacific NW Siletz, OR -30.2 26.9 17.9 Highest high marsh 
Pacific NW Siletz, OR -29.9 39.0 28.0 Highest high marsh 
Pacific NW Siletz, OR -30.8 24.5 18.3 Highest high marsh 
UK Humber -28.5 9.1 15.0 Highest high marsh 
UK Humber -25.8 22.1 14.3 Mid/high marsh 
UK Humber -27.1 30.4 14.3 Mid/high marsh 
UK Humber -23.1 20.1 15.3 C4 Marsh 
UK Humber -21.0 22.7 15.5 C4 Marsh 
UK Humber -24.4 18.5 15.7 C4 Marsh 
UK Humber -26.8 12.3 15.3 Mid/high marsh 
UK Humber -21.1 13.3 14.0 C4 Marsh 
UK Humber -24.6 10.3 14.7 C4 Marsh 
UK Humber -27.0 12.5 14.2 Mid/high marsh 
UK Humber -26.1 8.9 12.5 Mid/high marsh 
UK Humber -26.9 9.2 14.8 Mid/high marsh 
UK Humber -25.5 4.8 15.7 Mid/high marsh 
UK Humber -25.6 8.7 14.7 C4 Marsh 
UK Humber -25.6 5.1 14.5 Mid/high marsh 
UK Humber -24.6 4.4 13.6 Mid/high marsh 
UK Humber -23.5 4.3 15.2 C4 Marsh 
UK Humber -23.5 3.0 13.8 C4 Marsh 
UK Humber -22.4 3.6 15.2 C4 Marsh 
UK Norfolk -28.2 33.2 15.3 Fen carr 
UK Norfolk -29.1 40.7 15.8 Fen carr 
UK Norfolk -28.3 38.8 17.8 Fen carr 
UK Norfolk -28.4 44.5 17.7 Fen carr 
UK Norfolk -29.0 43.5 18.5 Fen carr 
UK Norfolk -28.2 29.2 18.6 Fen carr 
UK Kent/East 
Sussex 
-30.0 41.9 20.2 Fen carr 
UK Kent/East 
Sussex 
-29.9 34.1 12.4 Fen carr 
UK Kent/East 
Sussex 
-29.1 34.2 13.9 Fen carr 
UK Kent/East 
Sussex 
-30.1 38.4 17.8 Fen carr 
UK Kent/East 
Sussex 
-29.2 4.4 14.2 Fen carr 
UK Kent/East 
Sussex 
-26.5 4.7 14.0 Fen carr 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
UK Kent/East 
Sussex 
 4.6 12.8 Fen carr UK Kent/East 
Sussex 
-28.5 5.6 12.1 Fen carr 
UK Kent/East 
Sussex 
-28.6 7.0 13.6 Fen carr 
UK Kent/East 
Sussex 
-28.1 4.8 11.2 Fen carr 
UK Kent/East 
Sussex 
-13.7 4.0 18.3 C4 Marsh 
UK Kent/East 
Sussex 
-16.8 4.0 16.0 C4 Marsh 
UK Kent/East 
Sussex 
-23.6 9.3 21.8 C4 Marsh 
UK Kent/East 
Sussex 
-17.5 3.8 14.5 C4 Marsh 
UK Norfolk -28.1 10.0 13.1 Fen carr 
UK Norfolk -28.9 16.3 14.7 Fen carr 
UK Norfolk -28.4 16.6 11.6 Fen carr 
UK Norfolk -28.6 9.5 14.2 Fen carr 
UK Norfolk -28.5 11.1 13.0 Fen carr 
UK Mersey 
Estuary 
-27.8 8.7 11.6 Mid/high marsh 
UK Mersey 
Estuary 
-26.4  10.9 Mid/high marsh UK Mersey 
Estuary 
-26.2  9.7 Mid/high marsh UK Mersey 
Estuary 
-26.4  10.9 Mid/high marsh UK Mersey 
Estuary 
-26.3 5.2 11.0 Mid/high marsh 
UK Mersey 
Estuary 
-26.0  10.8 Mid/high marsh UK Mersey 
Estuary 
-25.2 4.3 10.5 Mid/high marsh 
UK Mersey 
Estuary 
-25.8  10.5 Mid/high marsh UK Mersey 
Estuary 
-25.7  10.8 Mid/high marsh UK Mersey 
Estuary 
-25.4 4.7 10.2 Mid/high marsh 
UK Mersey 
Estuary 
-25.8 4.8 10.2 Mid/high marsh 
UK Mersey 
Estuary 
-24.7 2.9 10.0 Tidal flat/Low marsh 
UK Mersey 
Estuary 
-23.5 0.7 9.6 Tidal flat/Low marsh 
UK Mersey 
Estuary 
-23.7 1.6 9.3 Tidal flat/Low marsh 
UK Norfolk -27.9 23.2 14.7 Phragmites 
UK Norfolk -28.6 32.5 14.4 Phragmites 
UK Norfolk -27.7 20.8 12.3 Phragmites 
UK Norfolk -28.7 18.3 12.2 Phragmites 
UK Norfolk -28.2 31.6 12.6 Phragmites 
UK Norfolk -27.7 42.0 13.4 Phragmites 
UK Norfolk -27.8 41.8 13.0 Phragmites 
UK Norfolk -27.9 44.6 13.3 Phragmites 
UK Norfolk -28.3 47.0 14.0 Phragmites 
UK Norfolk -27.8 47.2 13.2 Phragmites 
UK Norfolk -29.0 44.7 13.4 Fen carr 
UK Norfolk -29.5 47.0 15.7 Fen carr 
UK Norfolk -28.9 47.6 16.7 Fen carr 
UK Norfolk -28.6 45.4 19.0 Fen carr 
UK Norfolk -28.2 45.9 26.4 Fen carr 
UK Norfolk -28.0 46.6 16.0 Phragmites 
UK Norfolk -27.8 46.5 15.5 Phragmites 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
UK Norfolk -28.1 47.4 14.9 Phragmites 
UK Norfolk -28.3 46.2 14.4 Phragmites 
UK Norfolk -28.4 46.4 13.8 Phragmites 
UK Norfolk -28.4 43.2 13.5 Phragmites 
UK Norfolk -29.6 47.3 17.8 Fen carr 
UK Norfolk -29.3 46.2 17.8 Fen carr 
UK Norfolk -28.8 46.4 19.1 Fen carr 
UK Thames -25.2 3.3 10.7 Tidal flat/Low marsh 
UK Thames -25.4 3.9 10.9 Tidal flat/Low marsh 
UK Thames -25.2 3.7 10.5 Tidal flat/Low marsh 
UK Thames  3.7 10.6 Tidal flat/Low marsh UK Thames -26.7 6.7 11.4 Tidal flat/Low marsh 
UK Thames -25.6 6.7 10.9 Tidal flat/Low marsh 
UK Thames -25.7 5.5 11.0 Tidal flat/Low marsh 
UK Thames -25.7 6.9 10.1 Tidal flat/Low marsh 
UK Thames -26.9 15.5 11.9 Mid/high marsh 
UK Thames -26.9 15.8 12.0 Mid/high marsh 
UK Thames -26.3 20.3 14.6 Mid/high marsh 
UK Thames -26.9 24.0 13.7 Mid/high marsh 
UK Thames -26.1 28.8 16.3 Highest high marsh 
UK Thames -28.0 33.4 12.3 Highest high marsh 
UK Thames -26.3 33.2 12.7 Highest high marsh 
UK Thames -25.4 3.0 9.7 Tidal flat/Low marsh 
UK Thames -25.4 3.1 9.6 Tidal flat/Low marsh 
UK Thames -25.4 3.6 9.5 Tidal flat/Low marsh 
UK Thames -25.4 3.5 9.1 Tidal flat/Low marsh 
UK Thames -25.2 3.4 8.8 Tidal flat/Low marsh 
UK Thames -25.5 3.6 9.0 Tidal flat/Low marsh 
UK Thames -25.9 3.9 9.5 Tidal flat/Low marsh 
UK Thames -26.9 7.0 11.5 Mid/high marsh 
UK Thames -26.3 5.5 11.9 Mid/high marsh 
UK Thames -25.9 5.1 11.2 Mid/high marsh 
UK Thames -26.3 5.2 12.5 Mid/high marsh 
UK Thames -26.9 5.0 13.2 Mid/high marsh 
UK Thames -26.7 7.2 11.7 Mid/high marsh 
UK Thames -27.1 10.2 12.6 Mid/high marsh 
UK Thames -27.4 18.0 13.4 Mid/high marsh 
UK Thames -26.8 13.4 14.1 Mid/high marsh 
UK Thames -27.7 10.9 11.8 Mid/high marsh 
UK Thames -27.6 10.7 12.0 Mid/high marsh 
UK Thames -24.0 4.5 9.9 Mid/high marsh 
UK Thames -20.2 3.6 8.6 C4 Marsh 
UK Thames -19.5 4.5 9.0 C4 Marsh 
UK Thames -22.4 4.6 10.4 C4 Marsh 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
UK Thames -22.8 4.0 8.6 C4 Marsh 
UK Thames -21.3 3.1 9.4 C4 Marsh 
UK Thames -23.8 3.8 9.4 C4 Marsh 
UK Thames -22.6 1.4 8.8 C4 Marsh 
UK Thames -21.3 2.3 8.0 C4 Marsh 
UK Thames -21.2 1.6 8.1 C4 Marsh 
UK Thames -21.2 0.6 8.0 C4 Marsh 
UK Thames -24.2 5.6 10.7 Mid/high marsh 
UK Thames -23.6 3.9 9.2 Mid/high marsh 
UK Thames -25.1 4.3 8.9 Mid/high marsh 
UK Thames -24.0 2.3 9.0 Mid/high marsh 
UK Thames -22.2 1.6 9.1 Tidal flat/Low marsh 
UK Thames -22.0 1.6 9.2 Tidal flat/Low marsh 
US Atlantic  New Jersey -26.0 3.7 13.1 Upland 
US Atlantic  New Jersey -26.7 6.0 12.4 Upland 
US Atlantic  New Jersey -27.0 26.5 13.2 Highest high marsh 
US Atlantic  New Jersey -26.4 30.3 13.8 Highest high marsh 
US Atlantic  New Jersey -22.7 31.7 14.4 Highest high marsh 
US Atlantic  New Jersey -15.8 23.6 16.6 C4 Marsh 
US Atlantic  New Jersey -17.1 8.9 12.1 C4 Marsh 
US Atlantic  New Jersey -16.9 8.8 13.2 C4 Marsh 
US Atlantic  New Jersey -16.1 9.2 13.8 C4 Marsh 
US Atlantic  New Jersey -16.5 8.6 13.4 C4 Marsh 
US Atlantic  New Jersey -16.6 10.9 11.9 C4 Marsh 
US Atlantic  New Jersey -16.9 8.2 13.9 C4 Marsh 
US Atlantic  New Jersey -17.6 7.5 12.3 C4 Marsh 
US Atlantic  New Jersey -17.5 8.0 12.4 C4 Marsh 
US Atlantic  New Jersey -25.1 5.5 12.9 Upland 
US Atlantic  New Jersey -25.9 4.1 15.3 Upland 
US Atlantic  New Jersey -26.1 2.9 14.9 Upland 
US Atlantic  New Jersey -26.5 3.9 15.3 Upland 
US Atlantic  New Jersey -26.7 15.9 14.0 Highest high marsh 
US Atlantic  New Jersey -26.5 31.6 14.0 Highest high marsh 
US Atlantic  New Jersey -26.4 30.4 13.7 Highest high marsh 
US Atlantic  New Jersey -22.9 20.1 12.6 Highest high marsh 
US Atlantic  New Jersey -18.7 23.8 15.3 C4 Marsh 
US Atlantic  New Jersey -16.5 18.9 17.3 C4 Marsh 
US Atlantic  New Jersey -16.5 10.6 12.7 C4 Marsh 
US Atlantic  New Jersey -16.3 10.1 13.6 C4 Marsh 
US Atlantic  New Jersey -16.2 8.9 13.3 C4 Marsh 
US Atlantic  New Jersey -16.4 8.9 14.9 C4 Marsh 
US Atlantic  New Jersey -16.7 8.3 14.5 C4 Marsh 
US Atlantic  New Jersey -17.1 8.2 13.1 C4 Marsh 
US Atlantic  New Jersey -17.6 7.2 12.7 Tidal flat/Low marsh 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
US Atlantic  New Jersey -17.4 7.4 12.6 Tidal flat/Low marsh 
US Atlantic  New Jersey -25.0 2.6 14.6 Highest high marsh 
US Atlantic  New Jersey -16.9 30.3 14.8 C4 Marsh 
US Atlantic  New Jersey -17.8 25.6 12.7 C4 Marsh 
US Atlantic  New Jersey -18.4 22.8 11.9 C4 Marsh 
US Atlantic  New Jersey -16.2 27.1 15.2 C4 Marsh 
US Atlantic  New Jersey -16.3 27.5 17.0 C4 Marsh 
US Atlantic  New Jersey -17.2 17.8 14.5 C4 Marsh 
US Atlantic  New Jersey -16.9 20.8 18.1 C4 Marsh 
US Atlantic  New Jersey -16.4 20.8 22.4 C4 Marsh 
US Atlantic  New Jersey -15.8 19.2 16.6 C4 Marsh 
US Atlantic  New Jersey -17.7 14.1 18.2 C4 Marsh 
US Atlantic  New Jersey -16.9 5.0 17.6 C4 Marsh 
US Atlantic  New Jersey -19.1 0.5 17.0 Tidal flat/Low marsh 
US Atlantic  New Jersey -20.5 0.1 8.8 Tidal flat/Low marsh 
US Atlantic  New Jersey -22.0 26.2 13.8 Highest high marsh 
US Atlantic  New Jersey -16.1 37.9 15.1 C4 Marsh 
US Atlantic  New Jersey -16.1 30.9 13.7 C4 Marsh 
US Atlantic  New Jersey -17.2 20.9 13.5 C4 Marsh 
US Atlantic  New Jersey -18.7 13.5 14.0 C4 Marsh 
US Atlantic  New Jersey -18.9 17.9 10.5 C4 Marsh 
US Atlantic  New Jersey -16.8 1.4 11.8 C4 Marsh 
US Atlantic  New Jersey -16.2 2.7 14.2 C4 Marsh 
US Atlantic  New Jersey -17.0 4.4 12.2 C4 Marsh 
US Atlantic  New Jersey -17.2 12.6 12.2 C4 Marsh 
US Atlantic  New Jersey -16.1 5.2 15.5 C4 Marsh 
US Atlantic  New Jersey -16.7 10.1 14.1 Tidal flat/Low marsh 
US Atlantic  New Jersey -18.5 5.3 9.5 Tidal flat/Low marsh 
US Atlantic  New Jersey -17.8 5.6 10.9 Tidal flat/Low marsh 
US Atlantic North Carolina -25.7 4.6 19.0 Tidal flat/Low marsh 
US Atlantic North Carolina -19.0 8.6 18.6 Upland 
US Atlantic North Carolina -21.0 8.7 17.1 Upland 
US Atlantic North Carolina -25.7 5.4 18.5 Upland 
US Atlantic North Carolina -26.6 9.6 19.4 Upland 
US Atlantic North Carolina -23.2 11.8 20.2 Upland 
US Atlantic North Carolina -26.6 9.4 17.9 Upland 
US Atlantic North Carolina -24.6 13.8 15.9 Upland 
US Atlantic North Carolina -26.5 19.4 21.0 Upland 
US Atlantic North Carolina -27.1 14.0 20.9 Highest high marsh 
US Atlantic North Carolina -26.7 19.1 21.2 Highest high marsh 
US Atlantic North Carolina -27.2 22.1 26.0 Highest high marsh 
US Atlantic North Carolina -26.5 8.3 19.1 Tidal flat/Low marsh 
US Atlantic North Carolina -26.0 8.4 21.3 Tidal flat/Low marsh 
US Atlantic North Carolina -23.8 12.7 14.5 Tidal flat/Low marsh 
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Appendix A4 (cont.) 
Region Location δ13C TOC C/N Environment 
US Atlantic North Carolina -18.3 1.7 15.0 Tidal flat/Low marsh 
US Atlantic North Carolina -22.1 10.9 18.1 Tidal flat/Low marsh 
US Atlantic North Carolina -20.1 14.9 18.8 Tidal flat/Low marsh 
US Atlantic North Carolina -19.2 16.6 17.9 Tidal flat/Low marsh 
US Atlantic North Carolina -18.6 18.3 18.4 Tidal flat/Low marsh 
US Atlantic North Carolina -26.0 21.0 17.9 Mid/high marsh 
US Atlantic North Carolina -25.8 16.6 15.7 Mid/high marsh 
US Atlantic North Carolina -26.0 15.5 16.9 Mid/high marsh 
US Atlantic North Carolina -27.1 18.7 14.0 Mid/high marsh 
US Atlantic North Carolina -26.8 21.0 16.4 Mid/high marsh 
US Atlantic North Carolina -25.8 14.5 16.8 Mid/high marsh 
US Atlantic North Carolina -27.7 25.2 18.4 Mid/high marsh 
US Atlantic North Carolina -28.2 36.8 20.1 Mid/high marsh 
US Atlantic North Carolina -27.7 35.8 19.5 Mid/high marsh 
US Atlantic North Carolina -27.7 38.5 20.9 Mid/high marsh 
US Atlantic North Carolina -26.7 41.3 24.9 Mid/high marsh 
US Atlantic North Carolina -21.8 34.4 18.7 Mid/high marsh 
US Atlantic North Carolina -25.7 26.6 18.6 Mid/high marsh 
US Atlantic North Carolina -23.9 11.1 19.0 Upland 
US Atlantic North Carolina -26.6 41.6 21.0 Upland 
US Atlantic North Carolina -27.8 45.1 25.8 Upland 
US Atlantic North Carolina -26.8 48.8 57.6 Upland 
US Atlantic North Carolina -27.4 46.7 27.3 Upland 
US Atlantic North Carolina -27.9 45.4 29.4 Upland 
US Atlantic North Carolina -28.1 43.6 29.9 Upland 
US Atlantic North Carolina -28.8 44.2 27.8 Upland 
US Atlantic North Carolina 0.1 30.0 Tidal flat/Low marsh 
US Atlantic North Carolina 0.0 37.0 Tidal flat/Low marsh 
US Atlantic North Carolina -16.2 4.0 16.1 Tidal flat/Low marsh 
US Atlantic North Carolina -17.6 9.1 14.8 Tidal flat/Low marsh 
US Atlantic North Carolina -17.2 10.7 15.0 Mid/high marsh 
US Atlantic North Carolina -24.5 14.2 16.6 Mid/high marsh 
US Atlantic North Carolina -25.7 6.5 17.4 Mid/high marsh 
US Atlantic North Carolina -26.2 3.8 18.0 Mid/high marsh 
US Atlantic North Carolina -25.9 4.1 20.0 Mid/high marsh 
US Atlantic North Carolina -26.4 1.5 17.5 Mid/high marsh 
US Atlantic North Carolina -27.0 7.0 18.5 Mid/high marsh 
US Atlantic North Carolina -26.9 9.5 19.1 Mid/high marsh 
US Atlantic North Carolina -26.5 10.8 22.5 Mid/high marsh 
US Atlantic North Carolina -27.1 15.8 19.0 Mid/high marsh 
US Atlantic North Carolina -26.9 13.0 17.8 Mid/high marsh 
US Atlantic North Carolina -27.0 11.1 19.6 Mid/high marsh 
US Atlantic North Carolina -25.8 1.7 14.5 Mid/high marsh 
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A5. δ13C, TOC, C/N, foraminifera and thecamoebian composition of samples from Core BC7 
collected from Espiritu Santo, Puerto Rico 
Depth δ13C TOC C/N Calcareous (%) 
Agglutinated 
(%) 
Thecamoebians 
(%) 
0 -27.1 42.5 28.8 55 45 0 
3 -27.5 46.6 39.0    
6 -27.1 40.3 28.1    
9 -27.1 47.4 23.5 11 89 0 
12 -27.1 47.1 25.9    
15 -27.0 42.4 28.3    
18 -26.4 38.4 25.8    
21 -26.7 38.5 27.2 14 86 0 
30 -26.4 38.5 28.8 6 94 0 
33 -25.9 36.1 24.1    
36 -26.0 37.1 25.9    
39 -25.8 39.0 28.0    
42 -26.6 42.1 30.5    
45 -26.9 43.9 35.6    
48 -26.3 38.6 27.6    
51 -25.9 37.8 23.7    
54 -26.0 35.1 22.9 14 86 0 
57 -26.0 34.9 25.3    
60 -27.3 41.3 25.7    
63 -25.6 31.6 23.6    
66 -25.6 33.9 27.9 15 85 0 
69 -25.8 35.0 25.8    
72 -25.5 29.7 21.8    
75 -25.5 29.2 21.1 95 5 0 
78 -25.6 29.5 21.1    
81 -25.4 31.0 21.3    
84 -25.2 32.6 21.7 93 7 0 
87 -25.6 32.3 22.0    
90 -25.9 35.0 22.1    
93 -26.0 31.0 20.8    
96 -26.7 34.1 27.3 95 5 0 
99 -25.7 31.7 23.3    
102 -25.6 32.8 21.4    
105 -25.6 33.0 20.9 92 8 0 
108 -25.5 32.3 21.9    
111 -25.5 31.6 20.3    
114 -25.4 29.6 20.2 95 5 0 
120 -25.3 28.8 22.6    
123 -25.3 28.2 22.8    
125 -25.7 30.9 23.6 97 3 0 
126 -25.4 29.1 22.7    
127 -25.5 30.5 23.1    
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Appendix A5 (cont.) 
Depth δ13C TOC C/N Calcareous (%) 
Agglutinated 
(%) 
Thecamoebians 
(%) 
128 -25.6 29.9 23.1    
129 -25.5 29.3 23.3    
130 -26.5 36.4 32.8    
131 -25.6 29.1 23.0    
132 -25.5 27.5 21.9    
133 -25.7 29.1 24.4    
134 -26.0 33.0 26.4    
135 -25.2 26.5 22.7 100 0 0 
136 -24.7 22.4 20.5    
137 -24.2 20.8 20.8    
138 -23.7 19.0 19.1    
139 -24.0 19.4 19.0    
140 -23.4 17.2 18.3    
141 -23.8 18.1 19.4    
142 -22.9 16.0 18.0    
143 -23.0 16.6 18.0    
144 -22.7 15.1 17.4    
145 -22.6 14.8 17.5    
146 -22.4 14.4 17.9    
147 -22.3 15.4 18.2    
148 -22.4 14.1 17.1    
149 -21.9 13.5 17.2    
150 -22.0 14.5 17.1    
151 -22.4 16.6 17.2    
152 -22.2 12.8 17.7    
153 -22.2 13.3 17.0    
154 -22.4 14.0 17.0    
155 -22.2 13.0 17.6    
160 -21.9 14.3 18.3    
165 -21.0 13.2 16.0    
170 -20.8 12.3 16.0    
175 -20.3 9.8 16.1    
180 -20.3 10.1 15.8    
185 -20.4 7.9 16.8    
190 -20.5 11.0 16.3    
195 -20.5 8.9 16.5    
200 -21.3 12.1 16.2    
205 -19.7 9.7 15.4    
210 -19.7 9.1 15.0    
215 -19.0 8.3 14.7    
220 -18.5 7.9 14.3    
225 -19.1 8.7 15.1    
230 -19.4 8.7 15.8    
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Appendix A5 (cont.) 
Depth δ13C TOC C/N Calcareous (%) 
Agglutinated 
(%) 
Thecamoebians 
(%) 
235 -19.5 7.6 16.1    
240 -20.5 7.6 18.5    
245 -20.7 6.9 18.3    
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A6. δ13C, TOC and C/N of samples from Holocene sediment cores collected from Swanscombe 
marsh, Thames Estuary, UK. Sample altitude given in m Ordnance Datum. 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe I 2.60 -25.8 2.2 15.6 
Swanscombe I 2.53 -27.3 3.9 17.2 
Swanscombe I 2.44 -25.6 4.5 12.2 
Swanscombe I 2.37 -25.9 2.5 4.0 
Swanscombe I 2.29 -25.9 3.4 12.8 
Swanscombe I 2.21 -26.0 4.8 11.1 
Swanscombe I 2.05 -25.3 6.2 11.6 
Swanscombe I 1.99 -25.3 6.3 11.6 
Swanscombe I 1.91 -25.3 6.3 11.2 
Swanscombe I 1.82 -25.3 6.6 11.8 
Swanscombe I 1.74 -25.3 7.2 11.1 
Swanscombe I 1.66 -25.2 6.5 11.1 
Swanscombe I 1.58 -25.1 5.8 11.7 
Swanscombe I 1.50 -25.1 5.7 11.7 
Swanscombe I 1.42 -25.2 6.5 11.4 
Swanscombe I 1.35 -25.1 6.3 11.2 
Swanscombe I 1.27 -25.1 5.9 11.3 
Swanscombe I 1.19 -25.2 6.0 11.8 
Swanscombe I 1.17 -25.2 5.7 12.0 
Swanscombe I 1.10 -25.2 6.1 11.1 
Swanscombe I 1.02 -25.7 5.7 12.1 
Swanscombe I 0.94 -27.6 10.7 12.0 
Swanscombe I 0.86 -27.8 10.0 13.2 
Swanscombe I 0.78 -27.2 4.3 10.9 
Swanscombe I 0.70 -25.9 1.6 9.4 
Swanscombe I 0.62  1.3 8.7 
Swanscombe I 0.54 -26.8 1.8 9.3 
Swanscombe I 0.45 -26.4 1.6 9.6 
Swanscombe I 0.37 -25.8 1.5 9.2 
Swanscombe I 0.29 -26.9 2.6 10.6 
Swanscombe I 0.21 -27.4 4.3 11.9 
Swanscombe I 0.12 -27.8 5.6 12.5 
Swanscombe I 0.04 -27.8 6.1 12.8 
Swanscombe I -0.04 -27.6 6.4 13.5 
Swanscombe I -0.11 -27.8 5.4 12.3 
Swanscombe I -0.19 -27.9 6.4 12.8 
Swanscombe I -0.27 -27.9 6.0 12.7 
Swanscombe I -0.35 -28.1 7.6 12.8 
Swanscombe I -0.43 -27.8 10.5 15.6 
Swanscombe I -0.51 -27.7 9.5 14.5 
Swanscombe I -0.59 -28.4 15.3 14.7 
Swanscombe I -0.66 -28.2 11.7 14.8 
Swanscombe I -0.76 -28.0 8.4 16.2 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe I -0.84 -27.7 6.0 13.9 
Swanscombe I -0.89 -28.3 11.7 14.4 
Swanscombe I -0.96 -28.1 6.3 13.3 
Swanscombe I -1.04 -27.9 4.2 13.2 
Swanscombe I -1.12 -27.4 3.1 12.0 
Swanscombe I -1.20 -27.8 5.6 13.7 
Swanscombe I -1.28 -26.8 3.9 11.1 
Swanscombe I -1.37 -26.6 3.0 11.5 
Swanscombe I -1.44 -26.7 5.2 13.7 
Swanscombe I -1.52 -27.0 6.0 13.6 
Swanscombe I -1.60 -26.4 4.1 10.9 
Swanscombe I -1.68 -26.6 5.1 11.5 
Swanscombe I -1.76 -27.8 4.0 12.8 
Swanscombe I -1.84 -27.9 11.5 13.5 
Swanscombe I -1.90 -26.1 3.9 11.2 
Swanscombe I -1.98 -26.4 4.4 11.1 
Swanscombe I -2.05 -27.4 3.7 12.5 
Swanscombe I -2.13 -26.9 3.7 11.5 
Swanscombe I -2.21 -27.9 6.4 13.6 
Swanscombe I -2.29 -27.5 8.3 13.4 
Swanscombe I -2.38 -27.6 18.9 15.0 
Swanscombe I -2.45 -27.1 18.3 15.6 
Swanscombe I -2.53 -26.6 9.5 15.9 
Swanscombe I -2.61 -26.6 10.7 16.6 
Swanscombe I -2.69 -26.9 6.6 16.6 
Swanscombe I -2.78 -26.5 5.1 16.4 
Swanscombe I -2.85 -26.2 6.7 15.1 
Swanscombe I -2.94 -26.7 4.7 15.1 
Swanscombe I -3.01 -26.1 5.3 13.4 
Swanscombe I -3.09 -27.3 9.2 19.8 
Swanscombe I -3.17 -27.1 5.2 15.6 
Swanscombe I -3.25 -27.6 6.7 17.9 
Swanscombe I -3.33 -27.2 4.0 13.3 
Swanscombe I -3.41 -26.8 3.7 13.7 
Swanscombe I -3.49 -26.4 3.3 12.4 
Swanscombe I -3.57 -26.7 4.0 14.2 
Swanscombe I -3.65 -26.3 3.4 13.5 
Swanscombe I -3.73 -26.2 2.6 13.1 
Swanscombe I -3.81 -26.6 3.0 13.5 
Swanscombe I -3.91 -26.7 5.4 15.3 
Swanscombe I -3.98 -26.7 3.5 13.0 
Swanscombe I -4.06 -26.3 2.7 12.6 
Swanscombe I -4.14 -26.3 2.6 13.8 
Swanscombe I -4.22 -26.3 2.7 13.8 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe I -4.31 -26.5 2.9 14.9 
Swanscombe I -4.38 -26.4 2.7 13.3 
Swanscombe I -4.47 -26.2 2.5 13.8 
Swanscombe I -4.55 -26.1 2.8 14.3 
Swanscombe I -4.63 -25.8 3.3 13.2 
Swanscombe I -4.71 -26.5 3.5 14.9 
Swanscombe I -4.79 -27.8 7.3 14.4 
Swanscombe I -4.85 -27.9 37.4 16.5 
Swanscombe I -4.89 -26.2 3.4 13.9 
Swanscombe I -4.97 -27.3 28.2 18.8 
Swanscombe I -5.05 -27.1 45.1 20.8 
Swanscombe I -5.13 -27.2 46.0 19.5 
Swanscombe I -5.21 -27.2 45.4 18.0 
Swanscombe I -5.29 -27.1 42.9 18.6 
Swanscombe I -5.37 -27.4 13.8 16.2 
Swanscombe I -5.45 -26.9 48.5 24.7 
Swanscombe I -5.53 -27.1 30.4 19.5 
Swanscombe I -5.61 -28.0 21.3 14.2 
Swanscombe I -5.69 -27.2 48.6 21.9 
Swanscombe I -5.77 -27.4 49.8 24.2 
Swanscombe I -5.85 -27.5 50.4 24.8 
Swanscombe I -6.04 -27.1 52.1 37.7 
Swanscombe I -6.11 -27.1 52.6 31.2 
Swanscombe I -6.19 -27.1 52.4 31.0 
Swanscombe I -6.28 -27.1 48.5 27.6 
Swanscombe I -6.35 -27.1 50.9 24.0 
Swanscombe I -6.43 -27.2 49.9 23.1 
Swanscombe I -6.51 -27.3 50.9 30.8 
Swanscombe I -6.59 -27.6 49.4 27.8 
Swanscombe I -6.67 -27.6 50.7 36.0 
Swanscombe I -6.75 -28.3 47.1 23.9 
Swanscombe I -6.83 -27.6 41.1 26.5 
Swanscombe I -6.93 -27.4 32.8 24.7 
Swanscombe I -6.99 -28.0 42.3 25.9 
Swanscombe I -7.07 -26.5 12.0 21.9 
Swanscombe I -7.15 -27.6 35.0 24.1 
Swanscombe I -7.23  5.5 13.9 
Swanscombe I -7.31 -26.3 7.0 17.4 
Swanscombe I -7.39 -26.3 6.6 17.9 
Swanscombe I -7.47 -25.9 4.7 17.5 
Swanscombe I -7.55 -26.3 6.4 16.7 
Swanscombe I -7.63 -26.0 2.9 13.2 
Swanscombe I -7.71 -25.6 2.4 12.3 
Swanscombe I -7.79 -26.3 3.2 13.7 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe I -7.93 -26.3 5.0 16.3 
Swanscombe I -8.00 -26.5 6.9 17.5 
Swanscombe I -8.08 -26.2 6.2 15.7 
Swanscombe I -8.16 -26.4 3.7 15.2 
Swanscombe I -8.24 -26.0 2.5 12.9 
Swanscombe I -8.32 -26.2 2.7 13.4 
Swanscombe I -8.40 -26.0 2.4 12.5 
Swanscombe I -8.48 -26.0 2.1 11.8 
Swanscombe I -8.55 -25.8 2.5 11.9 
Swanscombe I -8.63 -25.8 2.7 12.2 
Swanscombe I -8.71 -26.0 2.7 11.7 
Swanscombe I -8.79 -26.0 2.9 12.5 
Swanscombe I -9.09 -26.2 3.0 13.9 
Swanscombe I -9.15 -26.6 4.2 13.1 
Swanscombe I -9.23 -26.9 6.8 15.6 
Swanscombe I -9.31 -26.6 6.4 15.8 
Swanscombe I -9.39 -26.8 5.9 16.0 
Swanscombe I -9.47 -28.6 21.1 17.9 
Swanscombe I -9.55 -28.6 30.0 19.0 
Swanscombe I -9.63 -28.1 48.8 26.7 
Swanscombe I -9.71 -29.7 48.5 24.8 
Swanscombe I -9.79 -28.7 24.1 20.4 
Swanscombe I -9.97 -26.4 3.8 13.7 
Swanscombe I -10.03 -26.2 3.1 13.4 
Swanscombe I -10.11 -26.1 2.9 13.3 
Swanscombe I -10.19 -27.0 5.5 17.9 
Swanscombe I -10.27 -27.2 28.1 26.4 
Swanscombe I -10.35 -29.2 35.5 24.8 
Swanscombe I -10.43 -27.7 9.4 19.2 
Swanscombe I -10.46    
Swanscombe I -10.51 -26.9 1.6 16.7 
Swanscombe I -10.59  0.4 13.9 
Swanscombe I -10.67  0.3 11.2 
Swanscombe I -10.75  0.2 7.0 
Swanscombe I -10.82  0.2 8.0 
Swanscombe II 0.13 -25.8 0.7 7.4 
Swanscombe II 0.03 -25.4 0.7 7.4 
Swanscombe II -0.07 -25.4 0.6 8.2 
Swanscombe II -0.17 -25.6 0.8 8.0 
Swanscombe II -0.25 -25.9 0.8 8.2 
Swanscombe II -0.27 -25.6 0.8 8.4 
Swanscombe II -0.37 -26.4 1.3 9.4 
Swanscombe II -0.45 -26.2 1.5 9.7 
Swanscombe II -0.47 -26.5 1.4 8.6 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe II -0.57 -27.1 3.3 12.8 
Swanscombe II -0.82 -27.8 5.7 14.0 
Swanscombe II -0.92 -27.9 12.5 16.6 
Swanscombe II -1.02 -27.4 10.0 15.4 
Swanscombe II -1.10 -28.2 25.1 19.8 
Swanscombe II -1.20 -28.0 23.0 14.8 
Swanscombe II -1.22 -28.1 16.3 14.4 
Swanscombe II -1.32 -28.2 9.6 13.2 
Swanscombe II -1.42 -28.5 19.0 14.8 
Swanscombe II -1.55 -28.1 19.8 14.6 
Swanscombe II -1.57 -27.6 27.8 14.3 
Swanscombe II -1.70 -27.4 8.1 14.2 
Swanscombe II -1.75 -27.0 7.4 15.8 
Swanscombe II -1.80 -26.7 10.3 20.5 
Swanscombe II -1.85 -26.5 7.8 16.6 
Swanscombe II -1.90 -26.3 7.1 15.1 
Swanscombe II -1.95 -26.4 5.7 12.8 
Swanscombe II -2.00 -26.1 4.1 12.0 
Swanscombe II -2.05 -25.8 5.1 12.3 
Swanscombe II -2.10 -26.5 5.0 14.4 
Swanscombe II -2.15 -27.0 4.6 14.9 
Swanscombe II -2.20 -26.5 6.8 13.6 
Swanscombe II -2.25 -26.7 4.2 14.0 
Swanscombe II -2.30 -27.1 8.9 19.9 
Swanscombe II -2.35 -27.8 6.4 18.0 
Swanscombe II -2.40 -27.6 6.1 18.2 
Swanscombe II -2.45 -27.7 4.4 15.2 
Swanscombe II -2.50 -28.0 7.6 17.3 
Swanscombe II -2.51 -28.1 8.7 15.1 
Swanscombe II -2.53 -28.3 17.6 15.2 
Swanscombe II -2.54 -28.5 27.3 16.6 
Swanscombe II -2.88 -27.0 49.3 20.6 
Swanscombe II -2.98 -27.5 48.9 19.1 
Swanscombe II -3.03 -27.9 47.3 21.1 
Swanscombe II -3.08 -27.9 45.6 19.3 
Swanscombe II -3.13 -27.8 45.8 23.5 
Swanscombe II -3.18 -27.1 46.8 20.2 
Swanscombe II -3.23 -27.3 48.5 21.4 
Swanscombe II -3.28 -27.5 49.2 21.9 
Swanscombe II -3.33 -27.5 51.2 23.5 
Swanscombe II -3.38 -28.1 50.7 29.6 
Swanscombe II -3.43 -27.1 52.7 30.5 
Swanscombe II -3.48 -28.1 52.1 25.9 
Swanscombe II -3.53 -29.2 51.6 36.5 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe II -3.58 -28.3 51.9 34.3 
Swanscombe II -3.72 -27.5 49.6 24.0 
Swanscombe II -3.80 -27.4 44.1 24.1 
Swanscombe II -3.88 -27.3 48.9 23.1 
Swanscombe II -3.96 -27.4 50.2 20.5 
Swanscombe II -4.04 -26.8 50.5 20.2 
Swanscombe II -4.12 -26.6 49.0 26.6 
Swanscombe II -4.20 -27.4 46.5 19.2 
Swanscombe II -4.28 -27.2 45.1 22.0 
Swanscombe II -4.36 -26.4 40.8 24.6 
Swanscombe II -4.41 -26.1 43.9 27.4 
Swanscombe II -4.42 -26.0 44.7 31.4 
Swanscombe II -4.44 -27.2 24.3 17.9 
Swanscombe II -4.45 -27.4 24.8 20.6 
Swanscombe II -4.50 -27.1 22.6 19.1 
Swanscombe II -4.51 -26.5 13.4 19.3 
Swanscombe II -4.53 -26.4 5.1 22.8 
Swanscombe II -4.54 -27.2 8.0 32.2 
Swanscombe II -4.60 -26.3 5.3 23.8 
Swanscombe II -4.71 -26.1 7.3 23.2 
Swanscombe II -4.80 -26.3 4.3 34.5 
Swanscombe II -4.90 -26.4 4.8 28.9 
Swanscombe II -5.00 -26.2 4.9 15.4 
Swanscombe II -5.10 -26.2 4.1 19.4 
Swanscombe II -5.20 -26.3 4.6 18.6 
Swanscombe II -5.30 -26.6 4.1 13.8 
Swanscombe II -5.40 -26.5 6.8 17.9 
Swanscombe II -5.50 -26.6 5.7 19.8 
Swanscombe II -5.57 -26.0 4.0 19.9 
Swanscombe II -5.71 -26.4 6.3 24.2 
Swanscombe II -5.80 -26.3 4.4 24.2 
Swanscombe II -5.90 -26.7 6.1 23.3 
Swanscombe II -6.00 -26.2 3.6 16.4 
Swanscombe II -6.10 -26.2 3.9 19.5 
Swanscombe II -6.20 -26.0 3.0 13.6 
Swanscombe II -6.30 -26.0 3.3 17.5 
Swanscombe II -6.40 -26.6 4.4 20.9 
Swanscombe II -6.50 -26.6 4.7 17.2 
Swanscombe II -6.56 -26.6 4.9 16.7 
Swanscombe II -6.71 -27.6 1.0 16.5 
Swanscombe II -6.79 -27.5 1.3 20.4 
Swanscombe II -6.87 -27.6 1.0 18.8 
Swanscombe II -6.95 -26.8 0.5 25.0 
Swanscombe II -7.04 -26.9 0.5 19.8 
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Appendix A6 (cont.) 
Core Altitude (m OD) δ13C TOC C/N 
Swanscombe II -7.05 -26.6 0.7 14.8 
Swanscombe II -7.07 -26.4 0.8 13.6 
Swanscombe II -7.08 -26.3 0.3 12.1 
Swanscombe II -7.18 -27.7 0.3 14.3 
Swanscombe II -7.19 -28.2 0.4 15.7 
Swanscombe II -7.28 -26.9 0.4 12.1 
Swanscombe II -7.38 -26.7 0.2 11.4 
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A7. Diatom counts by sample depth (cm) from Swanscombe Core 1, Thames Estuary, UK. Only 
dominant species (max > 2%) listed. 
Species 573 888 930 962 978 986 1348 1510 1520 
Achnanthes brevipes 1.2 0.0 0.0 0.0 0.0 4.9 0.0 0.0 0.0 
Achnanthes delicatula 6.2 4.0 1.2 0.0 0.0 0.0 0.8 0.0 0.0 
Amphora proteus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Achnanthes lanceolata  0.0 0.0 0.0 0.0 0.4 5.7 0.0 0.0 0.0 
Caloneis westii 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Campylodiscus echineis 0.4 0.0 0.0 0.0 0.0 0.0 2.7 0.0 0.0 
Cocconeis disculus 0.0 0.0 0.0 0.0 7.4 3.0 0.4 0.0 0.0 
Cocconeis scutellum 0.0 1.6 0.8 3.2 3.3 0.4 1.2 0.4 2.8 
Cosmoneis pusilla 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cyclotella striata 3.5 8.8 17.0 13.0 17.8 3.4 2.3 7.3 4.0 
Cymatosira belgica 0.8 24.7 22.1 25.7 25.2 12.1 6.6 19.8 24.8 
Delphineis surirella 1.5 10.8 7.9 10.7 6.3 3.4 0.4 2.8 10.4 
Denticula subtilis 2.7 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 
Dimeregramma minor 0.0 2.0 1.2 0.8 0.0 0.0 0.0 1.6 1.6 
Diploneis didyma 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis interrupta 27.7 0.0 0.0 0.0 0.4 1.1 0.0 0.0 0.0 
Diploneis ovalis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis litoralis 2.7 0.0 0.0 0.0 0.0 2.6 0.0 0.0 0.0 
Diploneis smithii 6.9 0.4 0.8 0.8 0.0 5.3 3.9 2.4 0.0 
Eunotogramma dubium 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fallacia forcipata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Grammatophora oceanica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Luticola mutica 5.0 0.0 0.0 3.6 0.0 1.5 0.0 0.0 0.0 
Martyana martyii 0.0 0.8 0.4 2.0 0.0 0.0 0.0 2.0 0.8 
Melosira moniliformis 3.5 0.0 0.0 0.0 2.2 0.0 0.0 0.0 0.0 
Navicula cincta 5.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Navicula digitoradiata 1.9 0.0 0.0 0.0 0.0 4.2 0.0 0.0 0.0 
Navicula peregrina 2.3 0.0 0.0 0.0 0.0 12.5 8.6 0.0 0.0 
Nitzschia levidensis 2.3 0.0 0.0 0.0 1.1 0.8 0.0 0.0 0.0 
Nitzschia navicularis 6.2 2.4 8.3 5.5 4.1 2.6 35.4 26.7 11.2 
Opephora martyii 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Paralia sulcata 2.3 13.5 9.9 13.4 6.3 6.0 4.7 12.6 14.0 
Pseudopodosira westii 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pseudostauria  brevistriata 0.0 6.4 2.8 3.2 0.0 0.0 0.0 0.0 0.8 
Raphoneis amphiceros 1.2 4.4 4.7 3.6 2.6 0.4 1.9 1.2 2.8 
Staurosira elliptica 0.0 4.0 2.4 0.0 0.0 6.4 0.4 0.4 0.0 
Staurosirella pinnata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tabularia fasciculata 0.0 2.4 3.6 4.0 3.3 4.2 0.4 0.8 1.2 
Thalassiosira eccentricus 2.7 2.0 2.8 3.2 4.4 0.4 0.4 2.4 3.2 
Tryblionella apiculata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tryblionella balatonis 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tryblionella punctata 0.0 0.4 2.8 2.8 0.0 0.0 13.6 10.9 9.6 
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A8. Diatom counts by sample depth (cm) from Swanscombe Core 2, Thames Estuary, UK. Only 
dominant species (max > 2%) listed. 
Species 310 330 370 440 460 483 
Achnanthes brevipes 1.2 3.3 0.0 0.0 0.0 0.0 
Achnanthes delicatula 3.5 0.8 0.0 1.0 8.5 0.0 
Amphora proteus 0.4 3.3 1.6 0.0 0.0 0.7 
Achnanthes lanceolata  0.0 0.0 0.0 0.0 0.0 0.0 
Caloneis westii 0.4 2.5 0.4 0.0 0.0 0.0 
Campylodiscus echineis 0.0 0.0 0.0 0.0 0.0 0.0 
Cocconeis disculus 0.0 0.0 0.0 0.0 0.0 0.0 
Cocconeis scutellum 0.4 0.0 0.0 0.0 5.7 0.0 
Cosmoneis pusilla 0.0 2.1 0.0 0.0 0.0 0.0 
Cyclotella striata 2.3 6.2 6.8 4.9 10.4 4.6 
Cymatosira belgica 3.1 4.1 4.8 3.9 9.4 1.3 
Delphineis surirella 2.7 2.5 2.4 3.9 10.4 2.0 
Denticula subtilis 2.7 0.0 0.0 0.0 0.0 0.0 
Dimeregramma minor 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis didyma 0.0 0.0 0.0 3.9 2.8 0.7 
Diploneis interrupta 3.1 3.7 6.4 2.0 0.0 56.3 
Diploneis ovalis 4.7 0.4 2.4 0.0 0.0 0.0 
Diploneis litoralis 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis smithii 5.9 20.6 4.0 0.0 0.0 4.0 
Eunotogramma dubium 0.8 0.0 6.4 0.0 0.0 0.0 
Fallacia forcipata 2.3 0.0 0.0 0.0 0.0 0.0 
Grammatophora oceanica 0.0 0.0 0.0 0.0 0.9 0.0 
Luticola mutica 0.0 0.0 0.0 0.0 0.0 0.0 
Martyana martyii 0.4 0.0 0.4 2.9 0.0 0.0 
Melosira moniliformis 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula cincta 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula digitoradiata 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula peregrina 10.5 30.9 12.4 0.0 0.9 6.6 
Nitzschia levidensis 0.0 0.0 0.0 0.0 0.0 0.0 
Nitzschia navicularis 9.0 2.5 7.6 31.4 24.5 4.6 
Opephora martyii 0.4 0.0 0.4 2.9 0.0 0.0 
Paralia sulcata 3.5 4.9 6.4 14.7 7.5 6.6 
Pseudopodosira westii 0.4 0.0 1.6 3.9 0.9 0.0 
Pseudostauria brevistriata 0.0 0.0 0.0 0.0 0.0 0.0 
Raphoneis amphiceros 0.4 0.8 0.0 6.9 1.9 2.0 
Staurosira elliptica 18.4 2.9 23.5 0.0 0.0 1.3 
Staurosirella pinnata 0.0 0.0 0.0 0.0 0.0 2.6 
Tabularia fasciculata 0.0 0.0 2.4 2.0 1.9 1.3 
Thalassiosira eccentricus 1.6 0.8 0.8 0.0 0.0 0.7 
Tryblionella apiculata 4.3 0.0 0.8 0.0 0.9 0.0 
Tryblionella balatonis 0.0 0.0 0.0 0.0 0.0 0.0 
Tryblionella punctata 1.6 0.4 4.0 7.8 5.7 2.0 
 
	  	   286	  
                 Appendix A8 (cont.) 
Species 740 759 780 784 820 840 860 
Achnanthes brevipes 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Achnanthes delicatula 0.0 0.0 0.0 0.0 0.7 1.5 0.7 
Amphora proteus 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
Achnanthes lanceolata  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Caloneis westii 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
Campylodiscus echineis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cocconeis disculus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cocconeis scutellum 2.9 3.8 1.9 1.2 4.6 0.0 1.3 
Cosmoneis pusilla 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cyclotella striata 26.5 16.2 4.7 0.4 3.3 3.0 2.6 
Cymatosira belgica 2.0 9.5 5.6 6.3 9.2 16.3 25.0 
Delphineis surirella 4.9 8.6 2.8 13.8 3.9 5.9 4.6 
Denticula subtilis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Dimeregramma minor 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis didyma 1.0 1.0 1.9 4.7 3.9 2.5 4.6 
Diploneis interrupta 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis ovalis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis litoralis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Diploneis smithii 0.0 1.0 0.9 1.6 2.0 1.5 1.3 
Eunotogramma dubium 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fallacia forcipata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Grammatophora oceanica 1.0 0.0 0.9 2.4 0.7 0.0 0.0 
Luticola mutica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Martyana martyii 1.0 3.8 4.7 0.8 1.3 1.0 1.3 
Melosira moniliformis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula cincta 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula digitoradiata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Navicula peregrina 1.0 0.0 0.0 0.0 0.0 0.0 2.6 
Nitzschia levidensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Nitzschia navicularis 9.8 8.6 19.6 13.0 26.3 20.3 15.8 
Opephora martyii 1.0 3.8 4.7 0.8 1.3 1.0 1.3 
Paralia sulcata 22.5 23.8 29.0 26.4 17.8 20.3 12.5 
Pseudopodosira westii 2.9 1.0 0.0 1.6 2.0 0.0 0.0 
Pseudostauria  brevistriata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Raphoneis amphiceros 2.9 4.8 2.8 3.5 2.0 3.5 3.9 
Staurosira elliptica 0.0 0.0 0.0 0.8 0.0 0.0 0.7 
Staurosirella pinnata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tabularia fasciculata 1.0 4.8 0.0 2.4 1.3 2.5 3.3 
Thalassiosira eccentricus 1.0 0.0 0.0 1.6 0.7 2.0 3.3 
Tryblionella apiculata 0.0 0.0 0.0 1.2 0.0 0.0 0.0 
Tryblionella balatonis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tryblionella punctata 13.7 2.9 15.0 11.8 9.9 11.9 7.9 
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A9. Troels-Smith description of coring transect from Espiritu Santo, Puerto Rico. IS= 
Impenetrable surface. 
Core Depth (cm) Components Description 
BC/10/C1: 0-57 TH2, DH2, SH+ Brown mangrove peat 
GPS: 57-120 SH2, TH2, DH1 Soggy mangrove peat 
N18 24.220 120-137 AG2, AS1, PTM1 Shelly silt 
W65 47.446 137-196 AG3, AS1, DH1 Shelly grey silty clay 
 
196-208 - Not recovered, felt sandy 
 
208-240 GA1, AG2, AS1 Grey clay sandy silt 
 
240-270 GA1, AG2, AS1 Wet grey sandy silt 
 
270-IS GA2, AG1, AS1, PTM+ Silty grey sand 
    BC/10/C2 0-82 DH3, SH1 Brown mangrove peat 
GPS: 82-88 SH4, DH+ Brown wet mangrove peat 
N18 24.242 88-107 SH3, DH1 Brown mangrove peat 
W65 47.441 107-220 DH1, SH2, AS1 
Grey clayey mangrove 
peat with shells 
 
220-IS GA2, AG1, AS1, PTM+ Grey silty sand 
    BC/10/C3 0-18 AS3, AG1, PTM+ Shelly grey clay 
GPS: 18-23 AG2, AS2, SH+, DH+ Brown grey clay silt 
N18 24.303 23-28 AG2, AS2, DH+, PTM+ 
Brown-grey clay silt with 
silt and shells 
W65 47.436 28-35 
AG2, AS2, DH+, SH+, 
PTM+ 
Brown organic-rich silt and 
shells 
 
35-63 AS2, AG2, SH+, PTM+ 
Brown organic rich silty 
clay 
 
63-76 SH1, AG1, AS2, PTM+ 
Brown organic clay with 
shells 
 
76-98 
GA1, AG2, AS1, DH+, 
PTM+ 
Grey sandy silt with shells 
and roots 
 
98-226 AG1, AS3 
Grey clay with some 
roots/shells 
 
226-273 GA1, GA2, AS1 Grey sandy silt 
 
273-IS GA2, AG1, AS1 Grey silty sand 
    BC/10/C4 0-9 AS4, DH+, PTM+ Grey-brown shelly clay 
GPS: 9 to 21 
TH1, SH1, DH1, AG1, 
PTM+ 
Light brown organic clay 
with wood/roots/shells, 
disturbance layer? 
N18 24.296 21-69 
PTM1, TH+, DH+, SH1, 
AS2 
Brown shelly organic rich 
clay 
W65 47.437 69 - 220 GA1, AG2, AS1, PTM+ Light grey silt 
 
220-IS GA2, AG1, AS1, PTM+ Dark grey silty sand 
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Core Depth (cm) Components Description 
 0-88 SH3, DH1 Rich brown mangrove peat BC/10/C5 
GPS: 
N18 24.285 88-265 
PTM+, DH1, SH1, 
AG1, AS1 
grey-brown organic-rich 
Silty clay with roots and 
shells 
W65 47.437 265-371(IS) GA2, AS1, AG1 Dark grey silty sand 
 
   
BC/10/C6 0-14 SH2, AS1, DH1 
Rich-brown clayey 
mangrove peat 
GPS: 14-18 SH3, DH1 
Rich-brown mangrove 
peat with finer roots 
N18 24.184 18-26 SH2, DH2 
Rich brown rooted 
mangrove peat 
W65 47.473 26-37 AS2, SH1, DH1 
Dark-grey rooted organic-
rich clay 
 
37-42 DH1, TH1, AS1, SH1 
Grey-brown organic-rich 
clay with root and 
fragments 
 
42-124 TH+, DH1, SH3 
Rich-brown rooted 
mangrove peat 
 
124-132 AG1, PTM1, SH2, DH+ 
Rich-brown silty peat with 
shells and roots  
 
132-249 AG1, AS2, DH+, PTM1 
Organic rich silty clay with 
shells and roots 
 
249-IS GA2, PG1, AS1 
Dark grey silty sand with 
shell fragments 
    
BC/10/C7 0-22 DH2, SH1, AS1, 
Rich brown rooted 
mangrove peat 
GPS: 22-40 SH3, DH1 
Soggy rich brown rooted 
mangrove peat 
N18 24.199 40-131 AS1, SH2, DH1 
Rich-brown clayey 
mangrove peat 
W65 47.470 131-143 AG1, PTM1, SH2, DH+ 
Rich-brown silty peat with 
shells and roots 
 
143-272 AG1, AS2, DH+, PTM1 
Organic rich silty clay with 
shells and roots 
 
272-IS GA2, PG1, AS1 Dark grey silty sand 
    
BC/10/C8 0-20 DH2, SH1, AS1 
Rich brown rooted 
mangrove peat 
GPS: 20-27 SH3, DH1 
Soggy rich brown rooted 
mangrove peat 
N18 24.211 27-128 AS1, SH2, DH1 
Rich-brown clayey 
mangrove peat 
W65 47.472 128-138 PTM+, DH1, SH1, AS2 
Rich-brown silty peat 
with shells and roots 
 
138-263 AG1, AS2, DH+, PTM1 
Organic rich silty clay with 
shells and roots 
 
263-IS GA2, PG1, AS1 Dark grey silty sand 
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A10. Troels-Smith description of Swanscombe marsh cores, Thames Estuary, UK 
Core Depth (cm) Contact Components Description Notes 
SW1 257-248 diffuse Gmin 2; Ag 2; Gmaj + 
tan silty-sand 
with gravel  
SW1 303-292 unknown unknown unknown core section not retained 
SW1 425-257 diffuse As 3; Ag +; Sh 1 
brown organic 
clay  
SW1 480-425 diffuse As 4; Dh +; Sh + 
light grey clay 
with organics  
SW1 496-491 unknown unknown unknown core section not retained 
SW1 564-480 diffuse As 3; Dh +; Sh 1 
battleship 
grey clay with 
organics  
SW1 579-564 diffuse As 2; Sh 2; Dh + 
brown clay-y-
peat  
SW1 596-592 unknown unknown unknown core section not retained 
SW1 689-579 diffuse As 3; Dh +; Sh 1 
battleship 
grey clay with 
organics  
SW1 693-689 diffuse As 2; Dl 1; Sh 1 
brown clay-y-
peat  
SW1 697-693 unknown unknown unknown core section not retained 
SW1 756-736 diffuse Sh 2; Dh 1; Dl 1 brown peat  
SW1 800-793 unknown unknown unknown core section not retained 
SW1 900-893 unknown unknown unknown core section not retained 
SW1 987-756 diffuse As 3; Sh 1; Dh + 
battleship 
grey clay with 
organics  
SW1 996-993 unknown unknown unknown core section not retained 
SW1 1111-1093 unknown unknown unknown core section not retained 
SW1 1200-1193 unknown unknown unknown core section not retained 
SW1 1211-987 diffuse Sh 2; Dh 2; Dl + 
dark brown 
peat  
SW1 1300-1293 unknown unknown unknown core section not  
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Appendix A10 (cont.) 
Core Depth (cm) Contact Components Description Notes 
SW1 1393-1211 diffuse As 3; Sh 1; Dh 1 
battleship 
grey clay  
SW1 1593-1560 diffuse Ag 2; Gmin 2; Sh + 
dark grey silty 
sand  
SW1 1417-1393 unknown unknown unknown core section not retained 
SW1 1450-1417 diffuse As 2; Ag 1; Dl +; Sh + 
dark grey silty 
clay  
SW1 1488-1450 diffuse Sh 2; Dh 2; Dl + 
dark brown 
peat  
SW1 1528-1488 diffuse As 3; Ag 1; Dh +; Sh + 
dark grey silty 
clay  
SW1 1560-1528 diffuse Sh 3; Dh 1; Dl + 
dark brown 
peat  
      
SW2 283-218 unknown As 4 light grey clay  
SW2 329-283 diffuse As 4; Dh +; Sh + 
light grey clay 
with organics  
SW2 360-329 diffuse As 2; Dh 1; Sh 2 
brown organic 
clay  
SW2 390-360 diffuse As 3; Dh +; Sh 1 
greyish-brown 
clay with 
organics  
SW2 400-390 diffuse Sh +; Dh 1; As 3 
brown clay-y 
peat  
SW2 484-400 diffuse As 4, Dh +; Sh + 
battleship 
grey clay with 
organics  
SW2 672-484 diffuse Dh 2; Sh 1; As1 
dark brown 
peat  
SW2 682-672 diffuse As 2; Dh 1; Dl 1; Sh + 
brown clay-y-
peat  
SW2 693-682 diffuse As 3; Dh +; Sh 1 
battleship 
grey clay with 
organics  
SW2 695-693 unknown unknown unknown core section not retained 
SW2 698-695 unknown Sh +; Dh 1; Dl 1; As 2 
dark brown 
clay-y-peat  
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Appendix A10 (cont.) 
Core Depth (cm) Contact Components Description Notes 
SW2 875-698 diffuse AS 4; Dh +; Sh + 
battleship 
grey clay with 
organics  
SW2 893-875 diffuse Ag 3; Sh 1; Dh + 
organic dark 
grey clay with 
roots  
SW2 900-893 unknown unknown unknown core section not retained 
SW2 920-900 unknown Gmin 2; Dh +; Ag 2; Sh 1 
organic dark 
brown sandy-
silt  
SW2 934-920 diffuse Gmin 2; Dl +; Ag 1; Sh 1 
organic brown 
silty sand with 
wood  
SW2 958-934 diffuse Ag 2; Gmin 2 yellow-grey silty sandy  
SW2 995-958 unknown Gmaj 2; Ag 1; Gmin 1 
yellow-grey 
sandy gravel  
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